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FOREWORD 

This report presents the results of three separate analytical 

lnvestrgatrons conducted within the Basic Research in Crashworthiness 

Program. The objective of the overall program has been to develop and 

test automobile structural conflguratlons that will (1) reduce mtruslons 

into the occupant compartment, (2) produce more nearly unlform crush 

characterlstlcs, and (3) satisfy the strength and stiffness requirements 

of normal operating condrtlons. The results of the research will be used 

to explore the feaslblllty of an automobile crashworthiness standard to 

reduce penetration of the passenger compartment by outslde ObJects and 

at the same time, to utlllze more efficiently energy absorption prmclples. 

- 

The overall ObJectlves were approached by makmg modlhcatlons 

on recent productron automobiles. Four different structural concepts, 

rclaled to front and/or side Impacts, have been developed. The analytical 

lnvestrgatlons that are reported herem provide techniques that are useful 

111 the dexrelopmtnt and evaluation of vehicle structural modlflcatlons. 

The findings of the overall program are presented in the followmg 

series of reports: 

“Basic Research m Automobile Crashworthmess - Testing 
and Evaluation of Forward Structure MoQflcatlon Concept”, 
CAL Report No. Y B-2684-V-l; 

“Basic Research m Automobile Crashworthmess - Testing 
and Evaluation of Engine Deflection Concept”, CAL Report 
No. YB-2684-V-2; 

“Basic Research in Automobile Crashworthiness - Testmg 
and Evaluation of Modlflcations for Side Impacts”, CAL 
Report No. YB-2684-V-3; 

11 Y B-2684-V-5 



“Basic Research in Automobile Crashworthiness - Testing 
and Evaluation of Rear Engine Concept”, CAL Report No. 
YB-2684-V -4; 

“Basic Research in Automobile Crashworthiness - Analytical 
Studies”, CAL Report No. YB-2684-V-5; 

“Basic Research in Automobile Crashworthiness - Summary 
Report”, CAL Report No. YB-2684-V-6. 

The reported research was performed under Contract No. 

FH- 1 l-69 18 with the National Highway Safety Bureau, Federal Highway 

Administration, U. S. Department of Transportation. The opinions, 

findings and conclusions expressed In this report are those of the authors 

and not necessarily those of the National Highway Safety Bureau. 

This report has been reviewed and is approved by: 

Edwin A. Kldd, Head 
Transportatzon Research Dept. 
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SUMMARY 

- 

Three separate analytical mvestrgatlons that are useful In the 

development and evaluation of vehicle structural modlflcatlons were 

developed wthln this research program. Presented below is a brief 

summary of each analytical study. 

Limit Analysis of Planar Frames 

The feaslblllty of using a two-dimenslonal plastic structures 

program to analyze the types of structures developed and tested in the 

program is established. Specifically, an existing computer program 1s 

used to determine the collapse behavior of a bumper and support system 

that was developed and employed Ln the vehicle modlflcatlon phase of the 

program. This computer program could be used to optlmlze the behavior 

of other structures that were employed in the various vehicle 

modlflcatlons. 

Lumped Mass, NonlInear Spring Program 

A computer program capable of calculating time histories of up to 

30 masses connected by nonlinear springs has been developed. Emphasis 

in developing the program has been on slmpllclty of operation and rapld 

turnaround time a Five sample problems are solved to illustrate the type 

of problems solved by the program, to detail preparation of Input data, 

and to compare the program solutions with exact solutions. The program 

descrlptlon includes a flow chart, a program llstlng, and an error analysis 

of the numerical Integration scheme. 

1v YB-2684-V-5 



Analysis of Side Impact Dynamics 

The program provides a two-dlmenslonal slmulatlon of a vehicle 

and Its occupant being struck on the side by the front of another vehicle. 

The mathematical model was developed primarily to study the influences 

of vehicle collapse characterlstlcs and occupant restraint systems on 

occupant safety. Numerous computer runs are provided for vehicles that 

have structures exhlbltlng assumed “production” and modified “prototype”, 

force-deflection characterlstlcs. 

V YB-2684-V-5 
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1. INTRODUCTION 

- 

- 

- 

- 

- 

The initial configurations for the experimental vehicle 

modlficatlons were selected and designed by approximate hand 

calculations. As experimental evidence concerning loads and behavior 

of the structures during impact accumulates, a corresponding upgrading 

of the analytical and design capabilities is indicated. 

In heu of developing a computer program from the beginning, 

it appeared that the most fruitful approach would be to adapt an existing 

program. A comprehensive survey of the available computer programs 

was undertaken. The primary obJeCtive of the survey was to find a 

program that was well-documented to minimize difficulty in adapting the 

program to the CAL System 360/65. Although other computer programs 

were found that can handle effects that are important in collision 

phenomena, the program selectrd was one originally developed by Wang 

(Reference 1) and subsequently modified and expanded by Harrison 

(Reference 2). This program essentially performs a static limit analysis 

of planar frames. No available program was found for three-dimensional 

structures. 

2. METHOD OF SOLUTION 

Only minor changes were requrrcd to make the program 

operational. Specifically, these were: (1) the use of double precision 

arithmetic, (2) more intermediate output for checking, and (3) a slight 

change in the criterion for detecting collapse of the structure. Other - 

wise, the description and user instructions are unchanged from their 

documentation in Reference 2. A review of the technique used in the 

program will be useful in relating results to the structures used in 

vehicle modifications. 

I- 1 YB-2684-V-5 



Figure I- l(a) shows a beam, clamped at both ends, with a 

concentrated load. From the input data the stiffness matrix is assembled 

by the matrix-displacement method, By solving a set of simultaneous 

linear equations, the moment influence coefficients are determined, That 

is, the moment due to a unit load 1s calculated for each possible plastic 

hinge location. With these influence coefficients, a search is conducted to 

determine where the moment will first equal the moment capacity, or 

plastic moment. Once this location is determined, the original structure 

is modified to one that has an actual hinge at the required location and an 

externally applied load equal to the plastic moment as shown in Figure I-l(b). 

In operation, the program performs the necessary bookkeeping to modify 

the orlginal stiffness matrix to one corresponding to the structure with an 

additional hinge. The solution then proceeds in a cyclical manner, finding 

additional hinges, until collapse occurs. Collapse is detected by the 

occurrence of very large deflections (see Figure I- l(c)). 

Example : Mod. 2 Bumper 

As an example of the information furnished by the use of the 

program, an ideallzatlon of the Mod. 2 bumper was analyzed, Reference 5. 

This bumper was tested in both a head-on and 15” oblique full scale tests. 

The structure and member sizes of the bumper are given in Figure I-2. 

For purposes of analysis the supports are assumed to be flxed; m actual 

construction the members are welded to a heavy plate which in turn is 

connected to the engine support and longitudinal members. 

The load-deflection curves, plotted from the computer results, are 

shown in Figure I-3. The similarity between the curves for the disparate 

loading conditions can be observed. The following table quantitatively 

compares performance data for the two load conditions. 

- 

i 
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tb) AFTER FIRST HINGE 

(c) 2 ADDITIONAL HINGES AND COLLAPSE 

Flgure T-l HINGE FORMATION LEADING TO COLLAPSE 

I-3 YB-2684-V-5 

- 



E = 30 x lo6 PSI 

YIELD = 65,000 PSI 

Figure I-2 MOD. 2 BUMPER & LOADING CONDITIONS 
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Figure I-3 THEORETICAL LOAD-DEFLECTION CURVES 
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Table I- 1 Comparison of Two Load Conditions 

Head-On Oblique 

Stiffness (K/ft) 2730 3440 

First hinge (K) 60. 1 60. 1 

Collapse (K) 72. 2 77. 5 
::: 

Rise time (sets.) .OlO . 009 

:k Estimated using a vehicle weight of 3600 lbs. 

Once the data for a specific structure have been prepared, it is a 

simple matter to produce the above results for additional loading conditions 

( 1. e. , additional directions of impact). In contrast to other techniques 

of determining collapse loads, the method of this program is to “track” 

the structure up to collapse. This permits construction of the complete 

force-deflection curve and estimates of the initial stiffness of the vehicle. 

The stiffness is necessary not only for realistic estimates of rise time, 

but in determining relative severity in a two-vehicle collision 

(Reference 3). 

Figures I-4 and I-5 show the collapse modes for the two loading 

c onditlons, The circled numbers at the Joints of the figures refer to the 

sequence of hinge formation. A remarkable result of the analysis of the 

head-on collision, Figure I-4, is that hinge formatlon lnltiates at the Joint 

furtherest away from the impact point and progresses forward. The rise 

time of the load and the small relative differences in loads between hinge 

formation establish that all hinges for both loading conditions form in less 

than two millisecs. Thus, for practical purposes hinge formation is 

instantaneous and the actual sequence could easily escape detection on 

high- speed film data. Figure I-6 presents photographs taken from the film 

coverage of the head-on collision, which should be compared with the 

predicted mode of Figure I-4. Comparable photographs are not available 

I 

- 
1-6 YB-2684-V-5 



- 

- 

Figure 1-4 HEAD-ON COLLISION COLLAPSE MECHANISM AND SEQUENCE 
OF HINGE FORMATION 
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Flgure1-5 OBLIQUE COLLISION COLLAPSE MECHANISM AND SEQUENCE 
OF HINGE FORMATION 

I-8 YB-2684-V-5 





for the oblique co 

case, Figure I-5, 

side. Therefore, 

distribute the loal 

1 lision. The sequence of hinge formation in the oblique 
I 

shows an alternating pattern from impact to non-impact 

the configuration should have the desirable ability to 

d away from the impact point and increase energy absorption. - 

The results of the crash test verified this ability. 

The rotation capacity of each Joint at incipient collapse is a 1 so 

determined by the program. The technique involves the use of an elastic 

analysis of the structure prior to the formation of the last hinge. Figure 

I-7 gives some partial results of the hinge rotations for the oblique 

condition. If the rotations cannot be sustained (e. g. , brittle failure) then 

the energy absorbed by the structure will be significantly decreased. The 

required rotation at each Joint is highly dependent on the selected 

configuration. 

- 

I) 

3. C ONCLU ‘SIONS 

The limitations of the structural model which is the basis for the 

program and the efforts required to reduce those limitations have been 

discussed at length in a previous study, Reference 4. An example of the 

information that such efforts can provide has been given for a structure 

for two different directions of impact. Although, some hindsight is present 

since the crash tests preceded the analysis, the program is useful in 

comparing optimal behavior of competing designs. The program could 

also be useful in studies to reduce the weight of the modified vehicle. 

In its present form, different loading conditions (corresponding to different 

impact directions) may be easily varied. To vary the structure, such as 

adding or deleting members, IS cumbersome. The most immediate up- 

grading of the program for the uses envisioned would be to reduce the 

effort required to input a new configuration. 
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Figure I-7 OBLIQUE COLLISION REPRESENTATIVE ROTATIONS (MILLIRADS) 
AT INCIPIENT COLLAPSE 
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1. INTRODU CTION 

The following describes a computer program developed as a part 

of the Basic Research in Crashworthiness proJect. The program enables 

the computation of trme histories of responses of lumped masses connected 

by nonlinear springs, up to 30 degrees of freedom and up to five springs 

per mass can be treated. In applications of the program, it is necessary 

to represent the motion of each mass by a single coordinate; however, 

such simplified models have frequently been used to study a wide variety 

of impact problems. 

Possible applications of the program to the experimental work are: 

(1) to aid in data interpretation and evaluation, especially where multiple 

data channels have been used and a simple single mass representation of 

the vehicle is inadequate, (2) parametric studies to determine and 

investigate vehicle properties in collisions involving combinations of 

modified and unmodified vehicles. Examples are included to indicate the 

type of problems that can be solved by the program. 

- 

- 
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2. FEATURES 

a The equations of motion are assembled by the program 

using input information on how the masses and springs 

are connected. In this sense, a new program is developed 

for each specific problem without the necessity of 

driving the equations. 

0 Rapid turnaround time -- the program is written in 

BASICt for use on an on-line terminal. 

l A variety of nonlinear springs, mcludlng hysteresis 

effects, can be accommodated. 

0 Rigid body motions are automatically treated by the 

program if they occur. 

l Provision has been incorporated to determine response 

when the excitation is due to transient forces. 

II-2 YB-2684-V-5 



3. INPUT 

Units 

- 

- 

-- 

- 

All input must be in compatible units which will also control the 

units of the output. In order to keep the program general, no conversion 

of units is performed within the program (e.g., ft/sec to mph). The 

following table illustrates compatible units that have been used in the 

sample problems. 

I ---- MASS 

Control 

FORCE DISPLACEMENT 

LBS FT 

LBS IN. 

KILOGRAMS METER 

ZijRATlON ;fiCi;T 

IN./SEC IN /SEC* 

METER/SEC METER/SEC* 

Five pieces of input data are required to control the output and to 

enable the program to read in the necessary mass and spring data. These 

are: 

Quantity 

At 
t 

S 

t 
P 

-- 

-- 

Program 
Variable 

T 

T2 

R2 

Jl 

11 

De SC ription 

Step size in numerical integration routine 

Stopping time, program halts when cumulative 
time = t, 

Prints results every R2th step 

Number of masses 

Number of springs 

c see Section 6 for selection of step size 

II-3 YB-2684-V-5 



Mass Data 

Each mass is assigned a number in sequence. This assignment is 

arbitrary except that the number zero is reserved for an infinite mass, 

e. g., the barrier in a vehicle-barrier collision. The absence of a zero 

numbered mass indicates that rigid body motions are to be computed by 

the program. The mass data, then, consists of: 

1. mass number, 

2. magnitude in appropriate units, 

3. initial displacement, 

4. initial velocity. 

A non-zero initial displacement Implies that a force is applied on 

the mass at t = 0 (1. e., preset of the spring). If this 1s not the case, the 

initial displacement should be zero since the dynamic displacement of each 

mass is measured with reference to its initial position taken as zero (see 

Figure II- 1). According to the sign convention adopted, a positive velocity 

denotes motion of a higher numbered mass away from the lower numbered 

mass. 

Figure II-1 COORDINATE SYSTEM FOR DISPLACEMENTS 

II-4 YB-2684-V-5 



Spring Repr e s entatlon 

Each spring is represented as elasto- perfectly plastic, with 

unloading taking place parallel to the initial slope (Figure II-2). Pure 

elastic behavior is obtained by setting an arbitrary large value for the 

yield force. Figure II-3 shows how the spring will behave for various 

combinations of loading and unloading. An additional feature of the spring 

representation permits the specification of a delay, or null band, in 

which no force is exerted by the spring. Many impact problems can be 

modeled by a null band, or specified travel, that occurs before significant 

forces develop. This feature, in combination with the ablllty to use more 

than one spring between the same two masses, enables a wide variety of 

nonlmear springs to be simulated. Figure II-4 illustrates a spring which 

yields, followed by bottoming. The additional specification of a null band 

(or delay) for each spring requires that three quantities are needed as 

input for each spring. These are shown in terms of the program variables 

in Figure 11-5. Note that symmetrical behavior is assumed for tenslon 

and compression. 
- 

- 

Connectivitv 

In addition to the three spring properties for each spring, informa- 

tlon on how the masses and springs are interconnected IS required. This 

1s done by sequentially numbering each spring beginning with 1. The order 

1s arbitrary. Next, connections are specrfred by giving the previously 

assigned mass numbers at either end of the spring. Up to five different 

springs can be connected between the same two masses. The posltlve force 

dlrectlon (tension) 1s speclfled by the conventlon that the spring connects 

the lower numbered mass (first input) to the higher numbered mass (second 

input). 

II- 5 YD-2684-V-5 
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Summary of Required Input 

Control : Step size (T), stopplng hme (T2), print Interval (R2); 

number of masses (Jl), number of springs (11). 

Mass: J = 1 to Jl. Mass number (J), mass (M); lnltlal displacement 

(X(J) ); initial velocity (V(J) )O 

Spring : I = 1 to Il. Spring number (I), from mass number (N(I, 1) ), 

to mass number (N(1, 2) ); p s ring rate (K(I) ), yield force (G(I) ), delay 

(C(I) )* 

II-8 YB-2684-V-5 
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4. EXAMPLES 

- 

- 

- 

- 

The sample problems consist of two types. Frrst, checkout 

problems which Involve a direct comparison with closed form solutions 

or alternatlve numerical solutions; the second type, demonstration 

problems, are to demonstrate the types of problems solved by the 

program. These latter types have been checked for reasonableness and 

internal consistency of results, 

Checkout Problem 1: Rear End Collrslon 

Model : 

I? 71 M/SEC 
i+ 

5 55 M/SEC 

0 1 

Figure II-6 REAR END COLLISION; PROB. 1 

Data : 
M1 m ? 

M2 
= 200 kg-secL 

m 

K1 
= 70, 000 kg/m 

V (0) = 11.11 m/set 
1 

v2w = 5.55 mlsec 

Control* t = .0025, t 
s * 06 (stop time), print interval = 4 

II-9 YR-2684-V-5 



Spring : Because the spring is to remain elastic, an arbitrarily high 

value of one million is selected as the yield force for the spring. The delay 

is zero. 

Connection: 

Spring 

1 

From Mass To Mass 

1 2 

Computer Input: 

1490 DATA .0025, . 06, 4, 2, 1 

1500 DATA 1,200, 0, 11.11 

1510 DATA 2,200, 0, 5.55 

1520 DATA 1, 1, 2, 70000, 1000000, 0 

Results: The results of this problem are plotted in Figure II-7. 

The equations for the exact solution are given by Marquard, Reference 1. 

The velocities and displacements are the same for both the computer solu- 

tion and the exact, but slight differences (. 1 m/set’) are detectable in the 

accelerations. A sample of the computer output is given in Figure 11-8. 

The X-REL column is the spring deflection, 1. e., the difference in drs- 

placements between the two masses to which the spring is connected. The 

remaining values are intended to be self-explanatory. 
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.I 10 1 

. O,‘l 1 

.(I?:: 1 

.()/II\ 1 

.fi-ll 1 

.Pfi 1 

.f’7( 1 

II 1 

K- -j 

. III 1 

-.I’\ 1 
, 

-.I1 1 

3 

-.I5 I 
2 

-.I< 1 
(i 

-.‘I 1 
:’ 

-.?I 1 
, 

-.-‘( 1 
1 

Figure=8 SAMPLE OUTPUT, PROB. 1 
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Checkout Problem 2: Multi-Connected Two Degree System 

Model : 

- 

0 2 

20 IN /SEC 20 INJSEC 

/ 

Figure II-9 MULTI-CONNECTED 2 DEGREE SYSTEM; PROB. 2 

- 

- 

Data: M1 = 1 0 lb-sec2/ln. Vi(O) = -20 ln/sec 

M2 
= 2.0 lbs-sec2/ln. vzP) = -20 inlsec 

Kl 
= 3.0 lbs/ln. K2 = .5 lb/in. K3 = 1 lb/In. 

Control: t = . 025, ts = 2.0, print interval = 4 

Spring : Since the springs are to remain elastic, all yield forces 

are given an arbltrarlly high value of 1000. 

Connection: 

Spring From Mass To Mass 

1 0 1 

2 1 2 

3 0 2 
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Computer Input: 

1490 DATA .025, 2, 4, 2, 3 

1500 DATA 1, 1.0, 0.0, -20 

1510 DATA 2, 2.0, 0.0, -20 

1520 DATA 1, 0, 1, 3, 1000, 0 

1530 DATA 2, 1, 2, ’ 5, 1000, 0 

1540 DATA 3, 0, 2, 1.0, 1000, 0 

Results: The difference between the computer results and the exact 

results (Reference 2) for peak values of displacement are Indicated In 

Figure II- 10. Use of a smaller time step in the lntegratlon routine would 

reduce the difference. 
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30 

25 

MASS 2 

MAX. 
COMPUTER 1166 

MASS 1 
COMPUTER AND 

05 IO 15 20 

TIME (SECS) 

25 

Figure=10 COMPARISON OF EXACT AND COMPUTER SOLUTION FOR IMPACT 
OF MULTI-CONNECTED TWO DEGREE SYSTEM,PROB. 2 
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Checkout Problem 3: Forced Response of Two Degree System 

Model : 

A 
/ 2000 LB/FT 

/ 4000 LBJFT 1 

/v / 0 1 -O--, 2 

/ 1 
/ cl 
/ 

cl 2 

TIME 

200 LB 

FIgureI&11 FORCED RESPONSE OF 2 DEGREE SYSTEM; PROB. 3 

Data : 
M1 

= 2.0 lbs-sec2/ft Vi(O) = 0 

M2 
= 1.0 lb-sec2/ft V2(0) = 0 

K1 
= 4000 lbs/ft K2 = 2000 lbs/ft 

Computer Input: To account for the applied force on mass 2, it is 

necessary to include the time variation of the force in the applied force sub- 

routine 0 In this case, the force 1s constant with time, so the following 

statement is inserted in the program (see listing): 

1465 E(2) = 200. 

Additional forces and more complex time variations could be similarly 

treated. The remaining computer input follows that of the preceding 

examples: 
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- 

- 
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1490 DATA .0025, .21, 4, 2, 2 

1500 DATA 1, 2.0, 0, 0 

1510 DATA 2, 1.0, 0, 0 

1520 DATA 1, 0, 1, 4000, 1000000, 0 

1530 DATA 2, 1, 2, 2000, 1000000, 0 

Results: In Figure II- 12 the results are compared not to the exact 

solution but to those of a alternatlve numerical method given in Reference 

3. It can be seen that the maJor difference between the two methods is 

due to a slight phase shift, while good agreement exists at peak values. 

Demonstration Problem 4: Rear Collision with Various Springs 

This problem illustrates the use of the program in parametric 

studres. Specifically, the effects of three different force-deflection 

characteristics on the deceleration response are investigated. 

Model : See Figure II- 13. 

Computer Input: The computer Input for the three cases LS given 

below. Note that the elastic spring is modeled by using a very large yield 

force and also the use of two springs with a delay to simulate the bottoming 

effect. 

Elastic 1490 DATA . 05, 1.2, 4, 2, 1 

1500 DATA 1, 5.0, 0, 20 

1510 DATA 2, 20.0, 0, 10 

1520 DATA 1, 1, 2, 36, 3600, 0 

- 

- 

Plastic 1490 DATA r 05, 1.2, 4, 2, 1 

1500 DATA 1, 5.0, 0, 20 

1510 DATA 2, 20.0, 0, 10 

1520 DATA 1, 1, 2, 36, 72, 0 
- 
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ACCELERATION 
MA ss 1 

ACCELERATION 

200 

100 

100 -I 
- COMPUTER 
--- BIGGS, REF. 3 

-200 
0 05 10 15 20 25 

TIMEtSECS) 

Figure II-1 2 COMPARISON OF TWO NUMERICAL SOLUTIONS: FORCED RESPONSE OF TWO 
DEGREE SYSTEM; PROB. D-3 
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- 

620 FTfSEC ’ C 10 FTISEC 

- 

- 

1 

0 1 cl 1 0 2 

5 LB/ SEC2/FT 
I 

20 LSSEC2/FT 

(a) ELASTIC AND ELASTO-PLASTIC SPRING 

-P 20 FTISEC 
- -P’” 

I l-l 1 I 

IO+-- 
0 2 

1 

(b) BOTTOMING SPRING 

DEFL 
ELASTIC 

Figure II-13 MODEL AND SPRINGS: REAR COLLISION, PROB. 4 

I ,-72LB 

’ DEFL 
PLASTIC 

fc) SPRING MODELS 

FTISEC 

I 360 LB/FT 

DEiL 
BOTTOMING 
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Bottoming 1490 DATA .05, 1.2, 1, 2, 2 

1500 DATA 1, 5.0, 0, 20 

1510 DATA 2, 20.0, 0, 10 

1520 DATA 1, 1, 2, 36, 72, 0 

1530 DATA 2, 1, 2, 360, 72000, 3 

Results: The deceleration time history of the small mass for all 

three cases is shown in Figure II-14. As expected, the elastic spring 

results in a half-sine wave. The effects of the plastic and bottoming springs 

are also readily apparent. 

Demonstration Problem 5 : Experimental Matching 
Head-On Collision 

The problem illustrates an lteratzve use of the program to match 

experimental data, Reference 4. By this method it 1s possible to deter- 

mine the effective spring parameters in a colllslon. The effective spring 

can then be used to predict response for colllslons other than that of the 

experiment. Only the computer solution glvlng the best match to the experl- 

mental data 1s given. 
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50 

40 

(v 
! 
2 30 

2 
0 
F 

d 
w 
i 
E 20 
0 

10 

C 

t 

BOTTOMING BOTTOMING 
SPRING SPRING 

I I 

\ \ 

pp”i%: pp”i%: 
ELASTIC ELASTIC 

I 

.02 .04 .06 .08 .lO 

TIME&EC) 

.02 .04 .06 .08 .lO 

TIME&EC) 

Figure II-14 EFFECT OF DIFFERENT SPRINGS; REAR COLLISION, PROB. 4 Figure II-14 EFFECT OF DIFFERENT SPRINGS; REAR COLLISION, PROB. 4 
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Model : 

50 FT/SEC 58 FTISEC 
(34.1 MPH) (39.5 MPH) 

+-t- 

cl 1 

0 1 0 2 
K=7 

c 1 L d 

1936 BUlCK 1937 DODGE 
W=37OOLB _ W = 3350 LB 
M, = 115 LB-SEC’/FT M2= 104 LB-SEC2/FT 

Figure It-15 HEAD-ON COLLISION, PROB. 5 

Computer Input: 

1490 DATA .0025, * 140, 8, 2, 1 

1500 DATA 1, 115, 0, 50.0 

1510 DATA 2, 104, 0, -58.0 

1520 DATA 1, 1, 2, 20000, 53624 

Results: Figure II-16 compares the best match computer solution to 

the experimental results. The corresponding elasto-plastrc spring is shown 

in Figure II-17. The spring approximates the combined effects of the crush 

characterrstic of both vehicles. There is insufficient data to determine 

springs for the individual vehicles. 
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- 

- 

EXPERIMENT 
---- COMPUTER 

0 02 04 06 08 10 

TIME (SEC) 

FlgureII-16 COMPARISON OF EXPERIMENTAL AND COMPUTER SOLUTION HEAD-ON 
COLLISION, PROB. 5 

- 

- 

0 1 2 3 4 5 

DEFLECTION (FT) 

Figure II-17 EFFECTIVE SPRING FOR BOTH VEHICLES 
- 
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5. PROGRAM DESCRIPTION 

PRINT SUBROUTINE TIME 
FORCE, DEFLECTION FOR SPRINGS 4 

ACCEL VELOCITY DISPL FOR MASSES 

1 1 PARAMETERS 1 
I I 

CONSTANTS FOR t 
FORCE SUBROUTINE 

NO EXTERNAL YES 

? COMPUTE EXTERNAL 
FORCES 

f 

ACCELERATION 
SUBROUTINE 

CALC NEW DISPLACEMENTS 

FORCE SUBROUTINE 

t 

1 

_ ACCELERATION t 
SUBROUTINE 

t 

CALC NEW VELOCITIES 

t YES 

Figure=18 MACRO FLOW CHART 
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Subroutines 

- 

- 

- 

- 

- 

As shown in the flow chart of Figure II-18, three subroutines are 

used in the program. The following gives a brief description of their 

functions B 

Subroutine Print: This subroutine outputs the data in the format 

shown in the sample listing of Figure 11-8. 

Subroutine Force: Once the displacements of all masses are known, 

this routine calculates the spring deflections (1. e., the difference in dis- 

placements of the masses which are connected to the ends of the spring). 

From the deflections, the corresponding spring forces can be calculated. 

Subroutine Acceleration: This subroutine computes the acceleration 

of each mass according to the formula: 

a = 2 FS + Fe 
1 

T 

where 

Fs = the algebraic summation of the forces 
of all springs connected to the mass, 

Fe = is the external force, rf any, 

M Z the mass. 
1 

Once the acceleratrons have been determined, the numerical integration 

scheme is used to calculate displacements and velocities for the next time 

interval. 

- 

- 

- 

- 
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- 1 - 

If-I PFM “rWVl2” SEP 13, 1969 
20 DlW A(30)rH(30),C<SO),F(3O),r(50),~(~, ~O),K(50),L(SO) 
30 DIM ~~30~,~<50,2~,P~30~,s~50~4~~v~30~ 
40 HFAn T~T?,k’?,.llrI 1 
\c, SFT T= 1 .5\CET P=h.n\SFT S=<=r=‘3.?\bE1 V=A=5.2 
60 P’ttI’VT 
70 ?t’I \I1”DFI_TP -I-=“; 18” TST7,l-‘=“; T2;” I’KVT IuT=“;k?i” Y? MP\>=“; II: 
HO ” h)O. SPR=“I I 1 
9fl RFN Tl=ClJM TIlucE:Rl=CIlM C7,‘JNT:Tl.k’l TIMF C’?IJ’JT 
100 KFM R7=ClJM MrlMFYTIJb’ : K4=r’JF* rvlf’5’i: Y5= t< /H VFL 1c 
110 HFM IYIT:Hh=O,W? WALI. 
l?,n KI=Tl=~3=~4=H6=X(O)=~/(~~=f~ 
130 LFI’ t-?7=H? 
140 PHIVT 
150 i=HIMl “MA\\ Y~“.“~AS~“,T/IF((??~i”X((J)“; Tc1H(<46):“V(~))” 
1&f-1 F”lR II=1 TO1 Jl 
170 HFPrb JrM( J),I(( l).b(.J) 
140 Pt+IyrT J,M( 1),X( I),V( I) 
IYf, VFXT (1 

2clll I’).? I NT 

21Cl t<FM: srr 1 ur I)A rt3 
3Pn 1’9 I \l-J-“Wn ‘I;” M 1 “; ” VF”, “K”, “y 1 El I)“, “I)!-) />y” 
3’70 F?)i> f-I=] TT T 1 
3-Ai) \FT K=f-=h.O\‘,FT Tz2.3 
“>PI RFAI) I,~‘~I,l~,~~~I,~~,K~I~,f~~~,~~i~ 
‘60 JF r’G<>f- T~-Jrr\l 7111 
371) IF \I( I, I )=n THF~ 300 
340 IF ‘\I( I,?)=0 TYr’\l 300 
290 r;“l T-4 ?]I, 
?nO I FT kh=l 
310 I’iiIylT ri\(I,I):~(I,2);~(I)rT(I),C(I),~~~r) 
37’0 yIF<T 0 
770 IF tib<>O T-iF\I 430 
340 F7’J J= 1 I 1 Jl 
350 LFT Rd=f?/J+w( J) 
-360 I F-l’ H?=K7+P”( J)%V( I’, 
370 \lFXT J 
741) I FT HS=k l/r<4 
390 Flrt J= 1 T? .Jl 

~O(J I “T SCI,l)=G<I)/K(I) 
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- 2 - 

- 

- 

- 

- 

510 I_FT S(I,?,=fI 
5PO LET S~I.~~=‘Y(I,?~-?*S(I, 1) 
530 Y=XT I 
5Ar-l HFV T?P”II 7cY 
550 F’?H I=0 Trl Jl 
560 LFT 1-c J)=O 
571) KFV Ia(.J) ‘III-1 C7t’TPIY aT YQ 1F Sf’k TO) JTH WAS\ 
=dr) ‘4EXT J 
‘390 Fo)ri I=1 T?, 11 
600 F’?Y (3=1 To) 2 
610 LET J=Y<IrO) 
hPO LET L(J)=L(J)+l 
630 LET H(L( J), J)=I 
640 RFM Y( I ,\I31 ‘,Pt<GS CqWrY T9 M( J)iMASS ‘JAmF) = SPtf NAME 
650 YEXT 0 
6hf-1 rVF:XT I 
670 REM T?, I’PI C I\fO),F(O) 
68l-l cm SIJR 1060 
690 G9 SlJA 1310 
700 G? s JR 770 
710 r,q f9 HYCI 
720 HFM: Pt-!‘JT 5 Jhr?; SC1 r-j> SAVE5 HEL 01 SPI FR7)M F9RCE SlJBR 
730 O=l\vl=v(O)+II5 
740 PriINT TltO;l-“(ir,; c~~o,3~iwix<u~3~lIP~d~ 
750 F9H r3=3 TO I1 
760 IF O,,Jl Tt-fFr\i 600 
770 Vl=v((rJ)+h5 
720 PRINT TAb(7)t~,;I’~~?,tS(O,7);OIX(C1);VI;k(6) 
790 f-q To) 810 
600 PRINT TAR(7);~;~‘((3)fS(n,3) 
410 NfEXT 0 
tic’0 IF Jl<=I 1 THFW c-570 
430 F9R O=Il+l T’? Jl 
d40 Vl=V(Q)+HS 
450 PHIYT TPS~Pn~;~;Y~~~iVliP~~l 
rih0 ‘JEXT CJ 
ti70 9FT Jr?V 
6Yn LFT Rl=f-‘l+l 
dY0 I FT TI=kI*T 
900 FI?H J=! Tm) Jl 
910 I FT 9( J)=P( 1) 
Y2’0 I CT XC J)=X( J)+V( J 
3330 \‘FXT J 
>/~fl G’? $ JH lGh0 

950 r-7 i 19 l-310 
960 F7H I= I Tq 11 

)*I+‘+< !I* i4 

97C1 I E-l V(J)=V(J)+(A(J)+h(J))c(T/)) 
?A0 “FAT J 
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- 3 - 

1010 LFT e??=k’l+K7 
llJ?O c,T SJH 730 
1030 IF Tl<T? T-iF’J rc?O 
1040 CTOlP 
10’10 HFM C IFi F’?*C-‘F: I-/)LC ALL w’i<VG F’3hCES 
1060 Fqc I=1 T7 11 
1070 LET lJI=N(I, 1) 

IndO LFT O?=U(I,?) 
fo!lO LFT ,]=A( ($2) -X( fJ1 1 

1100 LFT \(I,?)=11 
11 10 IF IJ<\(I,P)-C(I)-\(I, 1) TdFN 1160 
ll?O IF IJ~SCI,t2)-(‘(1) TdFN 1310 
11 30 IF IJ<S(I,P)+C(I) THF2! 1270 
1140 IF J<\~I,r-‘)+((I)+\(I,l) THFW 1250 
1150 LFT F=G(IJ 
I160 LFT Y(I,P)=rl-\<I, 1)-C(I) 
1170 r-0) TT l?hn 
1140 LFT F=-G(I) 
1190 LFT ~(1,3)=,J+C(I,l)+r(I) 
1300 C1 T’-I 17’60 
1310 LET F=K(I)t(ll-($(1,2)-C(I))) 
15’20 Gel T’1 1Phn 
1710 I FT F=O 
1240 Gfl TOI 1760 
I?50 LET F=K(I)r(‘J-(C(I,~2)+C(I))) 
1360 LET t-‘(I)=F 
1270 WXT I 
1380 Hr;T’lK21 
I?90 REM SfJH ACrEL:F( J) Pf3’3V. FqK APPL FBHCF 
1300 RFP .J=O; ‘rlA! I- 
1310 Fr?*t J=l T7, Jl 
1320 LFT n=G 
1330 Fq’? O=l T? 1-c 1) 
37411 LFT I=Y<O, 1) 
1350 KFN IF J IS Ml F\ll),+ IN W?)TI”)‘J EIJ 
l-360 TF J=Y’(I.l) THIN 1’330 
1370 1 FT D=l,-?<I) 
1360 Gl 14 I400 
l-390 I FT I)=l)+t’(I) 
1400 i\lFX T 0 
i4in ~7 v1~1 1450 
142I-t LFT AC J)=tn+c( J)) /MC J) 
14’3lr \IF<T J 
1440 ~F-W i Jq APPL F71Kc.F 
145C F?I i1=1 r3 Jl 
1460 I GT F(’ )=iJ 

1470 VFXT I 
1460 fiCT’Jv<‘I 
I&n [tATA 
1540 F”\iO 
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6. METHOD OF NUMERICAL INTEGRATION 

- 

- 

- 

The method of integration used rn the program 1s the constant accel- 

eration method. The necessary relatlonshlps can be derived by assuming 

that the acceleration between two times separated by A t 1s constant. If 

the acceleration 1s Indeed constant, then exact results are obtained, other- 

wise results are approximate. In general, an approximate method Introduces 

errors in amplitude as well as phase (e.g., time of occurrence of peaks). 

The constant acceleration method provides a good compromise between these 

two types of errors. This method 1s one of those studled by Newmark, 

Reference 5. Figure II- 19, plotted from that study, shows how phase and 

amplitude relative errors vary as the step size 1s increased. An often 

quoted rule-of-thumb 1s to use ten samples per the smallest period present 

In the model. Unfortunately, the smallest period (highest frequency) 1s 

usually not known. Also, for nonlinear problems, particularly where bottom- 

ing can occur, the higher frequency can change abruptly. Consequently, 

addltlonal rules for choice of the time step are in order. For the masses 

and stlffnesses typlcal of automotive type co111slons, a step size of . 001 

seconds produces results of acceptable accuracy. For problems which 

involve a limited number of computer runs, a very small Interval 1.5 the 

safest approach. Where total computer time can be large, parametric 

studies, for example, the following approach 1s suggested. Run a typlcal 

problem at successively smaller step s17es until convergence 1s demonstrated. 

Then, select the largest step SIZE consrstent with the accuracy required and 

consistent with the accuracy to which the Input quantltles are known. 
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Flgurex19 CONSTANT ACCELERATION METHOD: RELATIVE ERROR FOR INITIAL VELOCITY 
RESPONSE FOR PERIOD (---- ) AND MAX. ALTITUDE (-----I 

II-30 YB-2684-V-5 



- 

- 

- 

7. REFERENCES 

1. Marquard, E., “Zur Mechanik Des Zussammenstobes von Fahr zeugen”, 
Automoblltechnische Zeitschrlft, Volume 64 (1962), Number 5, 
pages 141- 148. 

2. Crandall, S. H., “Numerical Methods of Analysis”, Chapter 28 in 
Shock and Vibration Handbook, Harris and Crede, editors, 
McGraw-Hill, 196 1. 

3. Biggs, J. M., “Introduction to Structural Dynamics”, McGraw-Hill, 
1964. 

4. Roth, H. P., “Physical Factors Involved in Head-On Collisions of 
Automobiles”, Proceedings - HRB, Volume 31, 1952, pages 349-356. 

5. Newmark, N. M., “A Method of Computation for Structural Dynamics”, 
ASCE, Journal of Engineering Mechanics, July, 1959. 

- 

II-31 YB-2684-V-5 



- 

- 

- 

- 

- 

- 

CORNELL AERONAUTICAL LABORATORY, INC. 
4455 GENESEE STREET 

BUFFALO, NEW YORK 14221 
(716)-632-7500 

ANALYSIS OF SIDE IMPACT DYNAMICS 

by 

Celvm M Thelss 
DIeterich J. Schurmg 

November 1969 

CAL REPORT YB-2684-V-5 PART III 



TABLE OF CONT ENT S 

1. INTRODUCTION 

2. CONCLUSIONS AND RECOMMENDATIONS 

2. 1 Conclusions 
2. 2 Recommendations 

3. MATHEMATICAL MODEL 

3. 1 As sumptlons 
3.2 Equations of Matron 
3. 3 Crush Force 
3.4 Side Force, F 
3.5 Tire Forces, SF and SR 

3.6 Forces on Occupant 
3. 7 Notation 

4. COMPUTER PROGRAM 

4. 1 Symbology 
4.2 Program Operatron 

5. SIDE COLLISION ANALYSIS 

5. 1 Elastic Restrarnt Systems 
5. 2 Yreldlng Restrarnt System 

APPENDIX A: FIRST OUTPUT SAMPLE 

APPENDIX B: SECOND SAMPLE OUTPUT 

APPENDIX C: PROGRAM LISTS 

11 

Page No. 

III- 1 

III-3 

III- 3 
III-4 

III-6 

III-6 
III- 10 
III- 13 
III- 16 
III- 16 

III- 19 
III-22 

III-27 

III-27 
III- 3 1 

III- 33 

III-36 
III- 45 

A-l 

B-l 

C-l 

YB-2684-V-5 



- 

LIST OF FIGURES 

- 

- 

- 

- 

- 

- 

- 

Figure No. 

III-1 

III-2 

III-3 

III-4 

III-5 

III-6 Tire Forces and Slip Angles 

III-7 Force-Deformation Characteristic of 
Restraint System 

III-8 

III-9 

III- 10 

III-11 

III-12 

III- 13 

III- 14 

III-15 

Description 

Initial Positions of Vehicles and 
Occupant 

Page No. 

III- 8 

Free-Body Diagram of Vehicle 1 (Struck) III- 9 

Free-Body Diagram of Occupant III- 11 

Crush Force-Deformation Characteristic III- 14 

Side Force-Deformation Characteristic 
of Vehicles 1 and 2 Combined 

III- 17 

III- 18 

III-20 

Assumed Vehicle Force-Deflection 
Characteristics 

III- 34 

Assumed Restraint Force-Deflection 
Characteristics-Elastic Restraint System 

III-35 

Occupant Response Production Vehicle Into 
Production Vehicle - Total Decelerations for 
Different Restraint Constants 

III-38 

Vehicle Response Production Vehicle Into 
Production Vehicle 

III-40 

Occupant Response Prototype Vehicle Into 
Prototype Vehicle Lateral Deceleration for 
Different Restraint Constants 

III-4 1 

Vehicle Response Prototype Vehicle Into 
Prototype Vehicle 

III- 42 

Occupant Response Prototype Vehicle Into 
Production Vehicle Lateral Decelerations for 
Different Restraint Constants 

III-43 

Vehicle Response Prototype Vehicle Into 
Production Vehicle 

III-44 

111 YB-2684-V-5 



LIST OF FIGURES (Continued) 

Figure No. 

III- 16 

De scription 

Occupant Response Production Vehicle Into 
Prototype Vehicle Lateral Deceleration for 
Different Restraint Constants 

Page No. 

III-46 

III-17 Vehicle Response Production Vehicle Into 
Prototype Vehicle 

III-47 

III-18 Occupant Deceleration Response for Yielding 
Restraint System with Different Yield Limits 

III-49 

III- 19 Displacement-Time Relationships for Yielding III- 50 
Restraint System with Different Yield Limits 

1V YB-2684-V-5 



LIST OF TABLES 

Table No. Descrlptlon Page No. 

III- 1 Listing of Equation and Computer Symbols III-22 

III-2 Collision Posslbllltles Considered in 
Inve s tigatio n 

III-3 7 

III-3 Summary of Side Colllslon Results III- 48 - 

- 

- 

- 

- 

- 

- 

- 

- 

- V YB-2684-V-5 

- 



1. INTRODUCTION 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

During its first phase, the Basic Research in Crashworthiness 

Program has been primarily concerned with modifying full size automobiles 

with the objective of demonstrating that shorter rise times of deceleration 

and nearly uniform decelerations are possible and feasible in collisions 

with fixed obJects. If such concepts can be developed, their implications 

in car-to-car collisions (instead of car-to-fixed obJect collisions) must 

be intensively investigated before any related performance standards can 

be specified. 

Certainly, the most severe car-to-car collision, from the stand- 

point of occupant response, occurs when the passenger compartment 

itself is directly impacted, such as when a vehicle is impacted in its side. 

The present analytical investigation was undertaken in the anticipation of 

eventual side collision experiments related to automotive crashworthiness. 

The purpose of the study has been to provide a simplified mathematical 

model that w-ill simulate important phenomena of side collisions, yet, that 

would also be simplified to the extent that it could be programmed on a time 

sharing computer, permitting immediate access by an engineer during 

the vehicle design stages. Thus, results of the study should provide 

further insight into the side collision phenomena and also provide inputs 

to the specification of the vehicle characteristics. 

A simple two-dimensional collision model (i. e. , all motions are 

restricted to the horizontal plane), which should be taken as a first-order 

approximation to the collision process, has been developed. This 

mathematical model has been programmed in the BASIC-plus computer 

language for use on a GC-5 time-share computer, The program permits 

the variation of 28 variables that relate to the vehicles, to the test 

configuration, and to the occupant of the struck vehicle. Consequently, 

the program provides considerable flexibility, and various hypotheses 

may be analytically tested. 
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The program has been exercised in a limited side collision analysis 

to determine the probable effects on occupant response, that would result 

from changes in the frontal and side compartmental force-deflection 

characteristics of full size automobiles and from changes of the restraint 

system’s stiffness. 
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2. CONCLUSIONS AND RECOMMENDATIONS 

2. 1 Conclusions 

From the few tests run on the computer, three conclusions 

were reached. 

2.1.1 The restraint systems currently used in production 

automobiles are probably causing higher peak decelerations than restraint 

systems wtth either more or less stiffness. 

Variation of seat belt stiffness between 300 lb/in. and 4800 lb/in. 

indicates that the highest peak acceleration of the passenger in a production 

car hit by another production car occurs at 1200 lb/m. restraint system 

stiffness. Since this value 1s near that for the lap belts presently installed 

in production vehicles, there is some question as to whether or not the 

compatibility between restraint stiffness and vehicle stiffness has ever 

been fully explored, This finding is not new, but rather tends to confirm 
9: 

that of R. I. Emorl in his simplified frontal collision study ‘. 

2. 1.2 The introduction of vehicles with more nearly constant 

deceleration during impact would probably require different, 1. e. , softer 

or more yielding, restraint systems, 

Emori, Richard I. , “Analytical Approach to Automobile 
Co111 slons”, Society of Automotive Engineers Paper No. 
6800 16, Detrort, January 1968. 
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According to the present study, a 600 lb/in. restraint system 

combined with the proposed vehicle changes would have about the same 

deceleration response as a 1200 lb/m. restraint system has with current 

production vehicles. 

As an alternative, deceleration may also be llmited to desired 

levels by using a yielding restraint system. Here, the stiffness governs 

only the rate-of-onset of the deceleration response. 

2. 1. 3 The more hazardous condltlons that are generally 

anticipated to be produced by a vehicle with stronger front end structure 

impacting the side of a production vehicle are probably not as severe as 

would normally be expected. 

The slmulatlon indicates, for example, that if the front stiffness 

of the impacting vehicle 1s increased (see Figure III-8), occupant peak 

deceleration would increase from 30 g’s to 37 g’s and vehicle penetration 

from 17 In. to 23 in. Of course, no claims can be made relating these 

changes to occupant injury potential. 

2. 2 Recommendations 

2. 2. 1 An exhaustive computer study of the developed slde- 

crash model should be made. 

The few tests run so far indicate only the potential of the model. 

The next logical step would be to study all important car-restraint system 

combinations. This would be very helpful in refining the model and in 

setting up the experimental program for side-crash tests. 

L 

I 

- 
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2. 2. 2 The program results should be verified through 

comparisons with side collision experiments. 

It 1s expected that the continuing activities of the Basic Research in 

Crashworthiness Program ~11 involve side impact studies of both 

production and prototype vehicles. These experiments will provide a 

unique opportunity to verify the prediction capabilities of this model. 

2. 2.3 Changes should be made in the model as indicated by 

the verification study. 

Certain over-simplifications In the model may be uncovered when 

its predictions are compared to the results of experiments. It is quite 

probable, for example, that better representation of the occupant is 

necessary or that the distributed forces in the contact regions must be 

considered. 

- 
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3. MATHEMATICAL MODEL 

A mathematical model of side collision was developed to study the 

influence of vehicle collapse characterlstlcs and occupant restraint 

systems on occupant safety. The model consists of a vehicle with an 

occupant (vehicle 1) struck on the right side by a second vehicle (vehicle 

2). The mathematical model has been kept simple so that first-order 

approximations of vehicle and occupant motions can be obtained on a 

digital time- share computer. 

3. 1 As sumntlons 

The followmg assumptions are made: 

1. The vehicles have no height; all movements and forces 

are confined to the street plane. 

2. The vehicles are nerther braked nor steered; wheels 

are always freely rolling, rolling resistance 1s ignored. 

Until impact, then, both vehicles move as free bodies wrth 

no external and inertia forces. 

3. The strlklng vehicle (vehicle 2) has no width; it is 

approximated by a single line. 

4. Side-skid forces of vehicle 2 are ignored. 

5. The front wheels and the rear wheels of vehicle 1 are 

lumped together on the center line (bicycle). 

6. The occupant is reduced to a point mass. 
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7. Two orthogonal coordinate systems (frames) are 

employed. One (X-Y) is fixed in inertial space; the 

second (x-y) is fixed to vehicle 1 with its origin at the 

vehicle’s CG, the x-axis pointing forward and the y-axis 

to the right. At the begmnmg of impact, the two frames 

coincide. 

8. Figure III- 1 shows the initial conditions of the model. 

All initial dimensions can be computed from those shown. 

9. The resultant interface force between colliding vehicles 

is assumed to act near the front end of vehicle 2 

(collision point). 

10. The resultant interface force is resolved into two 

components -- a force, N , in line with vehicle 2 

(crush force), and a force F parallel to x-axis of 

vehicle 1 (side force), Figure III-2. 

11. The crush force, N , acts only during the short forward 

penetration. During this time, the relative yaw angle, 

w,-w, 9 remains practically constant, Hence, the 

direction of the crush force, N , relative to vehicle 1 

does not change. Consequently, the force-deflection 

characteristic of vehicle 2 does not change either, which 

simplifies computation of crush force, N . 

12. Forces the occupant exerts onto vehicle 2 are neglected. 

13. All impact energy is dissipated (except for small deflections 

of the seat belt). 
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3. 2 Equations of Motion 

Of interest are the motions of three bodies: vehicle 1, 

vehicle 2, and the occupant. (For mathematical notations see 

Notations 3. 7) o 

Vehicle 1 -- forces in X-direction, Figure III-2 

Vehicle 1 -- forces In Y-dlrectlon, Figure III-2 

-F srn )I; - N cos Y2 + CS, + .SRJ LOS < = ?, M 
9 

Vehicle 1 -- moment around CG, Figure III-2 

Fc -N cv,-<) c 
s/n P2 + ix,- X,)cos ‘k2 

I 
+ S, a - S, b = p, 1, 

Vehicle 2 -- forces in X-direction, Figure III-2 

Vehicle 2 -- forces in Y-direction, Figure III-2 

f sin 9, + IV cos Y2 = i;, M, 

Vehicle 2 -- moment around CG, Figure III-2 

Occupant - - forces in X-direction, Figure III-3 

- 8, = x3 M, 
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@ CG OF VEHICLE 1 
0 INITIAL POSITION OF OCCUPANT 
a POSITION OF OCCUPANT 

RESTRAINT SYSTEM 

Flgure III-3 FREE-BODY DIAGRAM OF OCCUPANT 

- 
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Occupant - - forces in Y-direction, Figure III-3 

Occupant - - no moment (mass point) 

Velocity and position of each body at time T in space frame X-Y 

CG-Velocltles of vehicle 1, vehicle 2, and occupant 

7 . . 
X‘ Lit + Xl0 

1 = 1, vehicle 1; 1 = 2, vehicle 2, i = 3, occupant 

Angular velocities of vehicles 1 and 2 ( ti;, = da0 = 0) 

CG-Positions of vehicle 1, vehicle 2, and occupant ( X,o = Y,O= 0) 

Yaw angles of vehicles 1 and 2 ( y. = 0 ) 
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3. 3 Crush Force 

- 

- 
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The force, N , to crush the front end of the impacting 

vehicle 2 equals the crush force of the side-impacted vehicle 1. The 

deformations of both vehicles depend on their force-deformation 

characterlstlcs. For both vehicles, we assume the crush force to be 

lmearly proportional to the deformation up to a maximum value, from 

then on the crush force remams constant, as shown In Figure 1X-4. 

1s 

According to Figure III-2, the total penetration, f = f 1 t f2 , 

f= e- 
(v,- y, Los e - (x2- x, ) s/n vj - c 

co5 (v2 - I$) 

If this value 1s smaller than a previous penetration, contact 

between the vehicles in the crush dlrectlon 1s lost and the crush force 1s 

zero (In the computer program, the previous total penetration 1s called 

D5). However, If the total penetration 1s larger than the previous value, 

then the two vehicles act like two plastic springs In series: the deformation 

of vehicle 1 1s 

The deformation of the second vehicle is, of course 

c, = F-C, 

and the crush force 1s 

N= KlK2 -f 
k,% 
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I G2 VEHICLE 2 -- -------- A 
/i 

C 

VEHICLE 1 

CRUSH DEFORMATION f,, f2 

VEHICLES 1 AND 2 WITH G2> G, 

fl’ f2 CRUSH DEFORMATION OF VEHICLE 1,2 

Gl’ G2 LIMIT OF CRUSH FORCE FOR VEHICLE I,2 

HI. H2 BREAK POINT FOR VEHICLE I,2 

Figure III-4 CRUSH FORCE-DEFORMATION CHARACTERISTIC 
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The computed values of fl , f2 , and N are used only if (see 

Figure 111-4) 

N L G1 and N 4 G2 

I. e. , as long as the total deformation, f , increases linearly with the 

crush force and neither the limit G 
1 

nor G 
2 

is reached. However, if 

G1 -L 
G2 and N > Gl , then N is limited to Gl , that is (see 

Figure III-4). 

N = G1 

G1 
if N>GlCG2 

f2 = q 

Analogously, 

N = G2 

if NrG2CGl 

For N>Gl = G2 deformations are as sumed to follow the equation 

4, = ,“:‘, 
I 2 

and C, : f - f, 

- 
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3.4 Side Force, F 

According to Figure III-Z, the side deformation, d , of 

vehicle 1 can be computed as 

If the absolute value of side deflection, d , is smaller than that 

of a previous deflection, contact between vehicles in the side direction is 

lost and the side force is zero. Otherwise, the side force, F , is 

computed in accordance with the assumed side force-deformation 

characteristic, Figure 111-5. (In the computer program, the previous 

deformation In forward dIrection as called D6, and the previous deformation 

in the rearward direction -D7.) 

3. 5 Tire Forces, SF and SR 

After contact between the two vehicles is made, the struck 

vehicle 1 starts moving sideward, thereby developing side slip forces at 

tire -ground contact points. The CG-velocity components of vehicle 1 in 

vehicle coordinates are 

CG-velocity component in x-direction, Figure III-6a 

CG-velocity component in y-direction, Figure III-6a 

uy = -A, sin v, + 3 co5 Y, 

The side velocity of the front tire in y-direction is, Figure III-6b 

3 

I 

3 
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“3 SIDE DEFORMATION d 

VEHICLES 1 AND 2 COMBINED 

G3 LIMIT OF SIDE FORCE 

“3 BREAK POINT 

Figure III-5 SIDE FORCE-DEFORMATION CHARACTERISTIC 
OF VEHICLES 1 AND 2 COMBINED 
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The side velocity of the rear tire in y-direction is, Figure III-6b 

The slip angle, ocF , of the front tire is 

and the slip angle, aR , of the rear tire 

The two slip angles are used to compute the tire forces, SF , and SR , 

in accordance with the assumed slip angle-force diagram, Figure 111-6~. 

The tire forces are directed opposite to the velocities vR and vF . 

It is assumed that if the slip angle is so large that the approxima- 

tion of the two slip-angle formulas is not valid any more, the slip angle 

has already passed the break point, H, , in Figure III-6c. 

3. 6 Forces on Occupant 

The occupant is held in vehicle 1 by a restraint system that 

is purely elastic up to a maximum force, 
G5 

(restraint-displacement break 

point H5 ), Figure III-7. At larger displacements, the restraint system 

is plastic. The occupant’s coordinates with respect to vehicle 1 are, 

Figure X1-3. 

z, = b-x,) cos Y, + (u, - Y, J s/n v, 

Y-3 = - tr, - x, > s/n P, -/- (Y, - Y, ) co5 P, 
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ELASTIC REGION PLASTIC REGION 
1 D * --- 

H5 RESTRAINT DISPLACEMENT 6 

Figure III-7 FORCE-DEFORMATION CHARACTERISTIC OF 
RESTRAINT SYSTEM 
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The total displacement of the occupant with respect to his initial position 

1s 

If the total displacement is smaller than the break point displacement, 

H5 ’ 
and has never been larger before, the force components exerted 

on the occupant are 

By = - (YJ-Y,,)Ks 

If, however, 6 > H, 

then 

8,=-G 33 - Y3cl 
5 

6 

The force components on the occupant in space-frame coordinates are 
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3. 7 Notation 

Table III- 1 Listing of Equation and Computer Symbols 

Constants (Dimensions in the computer program are lbs, inches, 
seconds, and rad. Dimensions in the print-out as stated. ) 

Equation 
Symbol 

a 

b 

C 

e 

M1 

M2 

M3 

5 

I2 

G1 

G2 

G3 

G4 

G5 

Computer 
Svmbol 

-__- --- 

B(l) 

-B(2) 

C 

E 

M(1, 1) = M(2, 1) 

M(l, 2) = M(2, 2) 

M(l, 3) = M(2, 3) 

M(3, 1) 

M(3, 2) 

G(l) 

G(2) 

G(3) 

G(4) 

G9 

Purpose 

distance between CG and front axle 
of vehicle 1 (struck) 

distance between CG and rear axle 
of vehicle 1 

half width of vehicle 1 

drstance between CG and front end 
of vehicle 2 (striking) 

mass of vehicle 1 

mass of vehicle 2 

mass of occupant 

moment of inertia around CG of 
vehicle 1 

moment of inertia around CG of 
vehicle 2 

crush force limit of vehicle 1 (side 
deformation) 

crush force limit of vehrcle 2 

side force limit - vehicles 1 and 2 
combined 

Tire side-force limit 

Restraint force limit of occupant 
restraint system 
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Table III- 1 (continued) (Constants) 

Equation 
Symbol 

- 

- 

- 

- 

H1 

H2 

H3 

H4 

H5 

kl 

k2 

k3 

k4 

k5 

P 

x3o 

y30 

Computer 
Svmbol 

D( 1) 

D(2) 

D(3) 

D(4) 

D9 

K(1) 

K(2) 

K(3) 

K(4) 

K9 

P 

x3 

Y3 

Puroose 

crush-deformation break point of 
vehicle 1 (side deformation) 

crush-deformation break point of 
vehicle 2 (front deformatron) 

srde-deformation break point of 
vehicles 1 and 2 combined 

tire slip-angle break point 

restraint displacement break point 
of occupant restraint system 

slope of crush force-deformation 
characteristic of vehicle 1 

slope of crush force-deformation 
characterlstlc of vehicle 2 

slope of side force-deformation 
characterlstlc of both vehicles 

slope of tire slip angle-side force 
characteristic 

slope of restraint dlsplacement- 
force characteristic of restraint 
system 

distance in x-dlrectlon from vehicle 
1 CC to initial collision point 

initial position of occupant in vehicle 
frame 

- 

- 

- 

- 

- 
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Table III- 1 (continued) 

Variables (1 = 1 = vehicle 1, 1 = 2 = vehicle 2; i = 3 = occupant) 

f2 

f 

d 

y2-y 1 

x2-x1 

y3-y1 

x3-x1 

Computer 
Symbol 

S(l,l) 
S(2,1) 

S(3, 1) 

S(3) 2) 

V(l, 1) 

V(3, 1) 

V(3, 2) 

A(l,l) 

Al23 1) 

A(39 1) 

A(37 2) 

x2 

Y2 

Dl 

Puroose 

D2 

D3 

D 

Yl 

Xl 

Yl 

Xl 

> 

space-frame coordinates of CG positions 

yaw angle of vehicle 1 

yaw angle of vehicle 2 

space-frame coordinates of CG velocities 

yaw velocity of vehicle 1 

yaw velocity of vehicle 2 

space-frame coordinates of CG 
accelerations 

yaw acceleration of vehicle 1 

yaw acceleration of vehicle 2 

vehicle-frame coordinates of occupant 

side deformation of vehicle 1 due to 
crush force 

front deformation of vehicle 2 due to 
crush force 

fl + f2 

combined side deformation of 
vehicles 1 and 2 due to side force 
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Table III- 1 (continued) (Variables) 

- 

- 

- 

- 

- 

- 

~- 

Equation 
Symbol 

x3-x3o 

y3-y30 

6 

F 

N 

sF 

sR 

B 
X 

B 
Y 

BX 

BY 

V 
X 

vY 

VF 

VR 

% 

&R 

Computer 
Symbol 

Sl 

s2 

JXl 

Fl 

F2 

F4 

F5 

Fl 

F2 

F(l, 3) 

F(2,3) 

Xl 

Yl 

Bl 

Bl 

B 

B 

: 

Purpose 

I deformation of restraint system 
I 

side force 

crush force 

front tire side force 

rear tire side force 

restraint force components (vehicle 
frame) on occupant 

I 1 
i 

restraint force component (space 
frame) on occupant 

CC-speed components (vehrcle frame) 
of vehicle 1 

front tire slip speed -- vehicle frame 

rear tire slip speed -- vehicle frame 

slip angle of front tires 

slip angle of rear tires 

- 
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Table KC- 1 (continued) 

-F cos r; t N sin yz -(SF t SR) sln$ F F(1, 1) 

-F sin< - N cos yL t(SF t SR) cos6 F(2, 1) 

Fc - N((Y2-Y1) sm 4 t(X2 -X1) cos p2 ) t SFa - SRb F(3, 1) 

F cos F, -N sin r”, F(l, 2) 

F sin p, tN cos pz F(2,2) 

F((Y2-YI)cos < -(X2-XI)sln t -c ) F(312) 
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4. COMPUTER PROGRAM 

- 

- 

- 

The simple mathematical model described in Sectlon 3 has been 

programmed for time history solutions on the GC-5 (Graphic Controls 

Corporation) remote time share computing system in the BASIC-plus 

programming language, It has been completely checked out and used a 

number of times. Sample outputs are shown in Appendices A and B. 

A complete listing of the program is given in Appendix C. 

4. 1 Symbology 

Due to the simplicity of the BASIC-plus programming 

language used, the choice of symbols to represent numerical parameters 

is limited to single capital Latin letters with a possible suffix of a single 

digit. The development of the equations in Section 3 was also restricted 

to this symbology to retain correspondence between the equations there 

and the computer program. It should be remembered that the symbols in 

a digital computer program serve dual roles. 

(1) They are parameter representations of variables 

and constants normally used in algebraic equations. 

(4 They are addresses to storage cells in the computer. 

Therefore, a given symbol may represent one parameter 

in one portion of the program and something entirely 

different elsewhere in the program. This is desirable 

for efficient use of computer storage, it is imperative 

in small computers such as the GC-5. 
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The followmg table lists the symbols and their definitions as used 

in this program. Symbols consisting of a single letter (i. e. , A), a letter 

and a digit (A3) or a letter with subscripts (1. e., A(2, 3)) represent computer 

storage cells containing numeric values. Symbols consistmg of double 

letters, such as AA and BB(6), represent storage cells containing alpha- 

numeric characters for purposes of printing notes, definitions, headings, 

etc. These latter do not appear in this symbology table; however, they do 

in the program lists of Appendix C. 

Symbol Purpose 

A Scratch (used for temporary storage only, 
in one or more places) 

A(J, k) Acceleration in direction J for obJeCt k 
(see note 1 below) 

B, Bl 

B(J) 

c(J, k) 

C 

Cl, c2, c3 

D 

Dl 

D2 

D3 

D5 

D6 

D7 

J39 

D(J) 

Scratch. (T emporary storage of 
intermediate value) 

Distance from vehicle 1 c. g. to wheel J, 

J = 1 = front, J = 2 E rear 

Cosine (J = 1) or sine (J = 2) of heading angle 
for vehicle k 

Distance of vehicle 1 right hand side from 
1ts c.g. 

Scratch 

Scratch 

Crush distance (penetration) for vehicle 1 

Crush distance (penetration) for vehicle 2 

Total depth of vehicle interference Dl t D2 

Current maximum interference between 
vehicles 

Maximum side displacement 

Minimum side di splat ement 

Maximum elastic point for occupant restraint 

Displacement of break point in spring J 

(see note 2) 

III-28 YB-2684-V-5 



- 

Symbol Purpose 

- 

- 
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E 

F(J, k) 

Fl 

F2 

F3 

C(J) 

G9 

H(J) 

J, K 
K9 

Kl 

K8 

K(J) 

Ll 

NJ, k) 

01 
02 
03 

04 

05 

06 

07 

08 

P 

P(J ) 

Distance from vehicle 2 c. g. to its un- 
deformed front end 

Force in direction J exerted on obJect k 
(see note 1) 

Friction force applied to vehicle 2 (striking’ 

Crush force applied to vehicle 2 (striking) 

Total tire slip force applied to vehicle 1 
(struck) 

Maximum force exerted by spring J 
(see note 2) 

Maximum occupant restraint force 

Input data identification numbers, J = 1, 5 

Scratch (loop counters, etc. ) 

Occupant restraint spring constant 

Switch to indicate which maximum crush 
value prevails 

Intermediate value K(2)/K(l) t K(2) 

Sprmg constant of sprmg J (see note 2) 

Scratch 

Mass in dimension J for ObJect k (see 
note 1) 

Time to next regular data print-out 

Line counter for paging print-out 

Intermediate line counter 

Occupant condition switch 

Vehicle interference condition switch 

Event code print switch 

Data condition switch 

Carriage control switch 

Distance in X direction from vehicle 1 c. g. 
to initial strike point on vehicle 1 

Distance of compartment walls from occupant 
initial position; 
J = 15 rear, 2 2 forward, 3 z left, 4 = right 
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Svmbol Purpose 

a1 

S(J, k) 

Sl, s2 

T 

Tl 

T2 

T3 

T4 

T9 

v(J, k) 

File indicator switch for input data 

Position in direction J for obJect k (see 
note 1) 

Scratch 

Elapsed time since start of test 

Termination time for test 

Period of computation cycle 

Period of print cycle 

Initial yaw angle of vehicle 2 

Scratch 

Velocity in direction J for obJect k (see 
note 1) 

Vl, v2, v3, v5, V6, v7, 
Wl, w2, Xl, x2 

x3 

Yl, Y2 

Y3 

z9 

Scratch (temporary storage for intermediate 
values) 

Initial X position of occupant in vehicle 1 

Scratch 

Initial Y position of occupant in vehicle 1 

Program file Identification switch 

Note 1: Direction J = 1 Z inertial direction X 
= 2 z inertial direction Y 
= 3 E angular direction about Z axis 

ObJect k = 1 Z vehicle 1 (struck vehicle) 
2 f vehicle 2 (striking vehicle) 
3 z occupant of vehicle 1 

Note 2: Spring J = 1 z vehicle 1 crush spring equivalent 
2 z vehicle 2 crush spring equivalent 
3 E friction equivalent between vehicles 
4 - tire slip angle force 
5 5 springs 1 + 2 in series 
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4. 2 Program Operation 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 
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The results of a sample test are shown m Appendix A. The 

first page lists all the Input parameters as read from computer input data 

file CTDVF 1. The first column IS the file lme number, and the second 

column IS the initial value for the test followed by a brief descrlptlon of 

the datum. The dimensions have been added to the computer print-out. 

The table at the bottom of the page 1s a list of the computer 

program files used and their most recent revision dates. These are for 

future references for comparing tests when the program 1s bemg changed. 

To use the program, the input data are placed in file CTDVF 1, one 

per line, in the order shown. Four more values are included after the 3 1 

shown, namely, (1) the clock time, (2) day, (3) month and (4) year m 

which the data set 1s complied. All pages of data print-out are identified 

by these four values. 

The remaining three pages give the positlon, velocity and 

acceleration of the occupant and the two vehicles, respectively, as 

functions of elapsed time. All vehicle data are given with respect to 

inertial space. The penetration or crush distance of the vehicles 1s also 

listed. Data for the occupant are given with respect to the occupant lnltlal 

posltlon and the struck vehicle coordinate axes. 

Note that the time between printed entrles m the output data 1s 

greater than the time increment for computation. When some special 

event occurs, data are also printed at the time the event 1s detected and 

the event ldentlfled by a code at the end of the respective data line. 

The meaning of these event codes are as follows. 

- 

- 

III-3 1 YB-2684-V-5 



D Disengagement between vehicles commences. 

S Separation between vehicles is complete. 

oc The occupant has struck a compartment wall. 

R Re engag ement between vehicles ha s begun. 

Running computer program file CTDVOl will produce the results 

shown in Appendix A. In case a test is desired without using the computer 

time to print the input values, computer program file CTDV05 is run to 

produce identical results minus the first page. 

In case a test is desired with only a few changes in the data, as 

stored in file CTDVF 1, computer program file CTDV04 is run. The 

results of such a test are shown in Appendix B. After printing the 

identification now including the revision time, a question mark is printed, 

and the computer pauses. The user then types in two values: (1) the line 

number of the parameter to be changed, and (2) its new value. The 

computer will then identify the value and ask for the next change with 

another question mark. This is continued until all desired changes have 

been entered, then the user types 0, 0 to indicate the test is ready to 

proceed. 

Upon completing a test and printing all the output data, the computer 

pauses with a question mark at the end of the final page delineation line. 

At this time the user, after viewing the data as it had been printed, may 

choose to continue the test beyond the specified termination time by typing 

in a new value for the termination time; otherwise, he types in a zero and 

the program terminates. In case he wants to make this decision after 

printing the last line of occupant data, he may indicate this reservation 

before starting the test by eliminating line 330 of computer program file 

CT DV03 (see Appendix C). This line should be restored to the file, how- 

ever, after the test is completed for possible future use. 
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SIDE COLLISION ANALYSIS 
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The computer program has been aimed at the provision of a basis 

for sound engineering Judgment in specifying the characteristics for improved 

automotive crashworthiness. Particular emphasis must be placed on the 

effects any proposed changes would have on the occupants when a vehicle 

compartment is hit by another vehicle. The program was developed so 

that it is compatible with a time-share computer, permitting an engineer 

to explore questions as they arise during the vehicle design stage. 

Consequently, rather than investigate all collision possibilities, we have 

elected to explore the variations in occupant response that could be 

expected if the vehicle structural properties and the restraint characteristics 

are varied. In addition, this demonstration serves as an example of the \\a) 

the program might be employed. 

An immediate concern of the Crashworthiness Program is the effect 

a structure having a more uniform deceleration response would have on the 

occupant behavior during side collisions. Present production vehicles 

may be modeled, to a first-degree approximation, by a linear force-deflection 

relationship. If structural changes are made so that a more constant 

deceleration results, then the prototype vehicle would have front and side 

deceleration responses with short rise times followed by a nearly constant 

deceleration level. Shown in Figure III-8 are the assumed force-deflection 

characteristics for the front and side of these vehicles, designated production 

and prototype, respectively. If such a prototype vehicle were introduced 

to the highways, four collision cases would be possible, Table III-2. 

Vehicle structural changes should not be made independently of the 

stiffness properties of the occupant restraint system. Shown in Figure 

III-9 are first-order approximations of typical lap-belt force-deflection 

curves. The nominal stiffness for lap belts currently used in production 

automobiles is 1200 lb/m. For this investigation, a family ot linear 

elastic restraint systems having a stiffness range from 300 lb/in. to 4800 

lb/in. was considered. 
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In an intensive investigation, different impact angles, impact 

velocities and vehicle sizes would be considered. However, this limited 

study was restricted to full size vehicles of 3700 lbs., where a vehicle at 

rest is struck perpendicularly on the passenger side, at 12 in. in front of 

its c. g. by a vehicle having an mtlal velocity of 40 mph. This configuration 

is thought to produce the most severe lateral decelerations of the occupant, 

for a given impact velocity. On the other hand, longitudinal decelerations, 

although computed, are not significant. 

5. 1 Elastic Restraint Systems 

Four collision cases, as indicated in Table III-2, were run 

along with five elastic restraint systems, yielding a total of 20 different 

computer runs. For each case, the lateral decelerations of the occupant, 

in the driver position, are presented along with the struck vehicle’s 
::: ::: 

decelerations and the penetrations for both vehicles. Although the 

deceleration was calculated for an occupant in the driver posltlon, it is 

felt that in this test configuration a similar response would occur for the 

front passenger occupant, if non-contact with the compartment was 

assumed. 

::. A few computer runs were made with the struck vehicle moving 
with an initial velocity of 40 mph. The results are indicated m 
the figures by dotted lines. 

::: ::: With this collision configuration, the absolute values of the 
lateral decelerations are about the same for both vehicles. 
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Shown in Figure III- 10 are the occupant’s lateral decelerations for 

Case I (production vehicle impacting production vehicle). Peak decelera- 

tions of 30 g’s occur with the normal 1200 lb/in. restraint system. 

Similar curves are presented for the 4800, 2400, 600 and 300 lb/m. 

systems. It is apparent from these results that the production restraint 

system yields the highest deceleration values. This observation generally 

agrees with results obtained by R. I. Emori wth a slmpllfled model for 

frontal co111slons’. 

Table III-2 Collision Possibilities Considered in Investigation 

Strlklng Vehicle Struck Vehicle 
Pr oduc tlon Pr ototv me 

Production Case I 

Prototype Case III 

Case IV 

Case II 

Emorl, Richard I., “Analytical Approach to Automobile 
Co111 sions”, Society of Automotive Engineers Paper No. 
6800 16, Detroit, January 1968. 
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The vehicle lateral decelerations and penetration are shown in 

Figure III- 11. With Case I, the same penetration results with both 

vehicles. 

Occupant lateral decelerations for Case II (prototype vehicle into 

prototype vehicle) are shown in Figure 111-12. As expected this system 

has a higher natural frequency, and consequently, the peak decelerations 

occur with the stiffer restraint systems. For a 40 g threshold limit the 

restraint stiffness must be slightly less than 1200 lb/in., while for a 30 g 

level it must be less than 600 lb/in. Stgnificantly, the prototype vehicle 

will probably require a restraint system which is not as stiff as that cur- 

rently installed In production automobiles. 

In addition, the struck vehicle’s penetration (see Figure III- 13) 

is not significantly different from that of Case I, i. e., 15 in. compared 

to 17 in. 

Shown in Figure III-14 are the same deceleration responses for 

Case III (production vehicle impacted by prototype vehicle). Assuming that 

the production vehicle is equipped with the 1200 lb/in. restraint system, 

the peak deceleration of 37 g’s represents a 7 g increase over that for 

impact by a production vehicle (see Case I). In addition, the penetration 

of the struck vehicle is increased to 22 in. from 17 in. (see Figure 

III- 15). Thus, as expected, the introduction of a prototype vehicle with 

a more uniform collapse load will produce a somewhat more hazardous 

condition for the occupants of the production vehicle. However, injury 

thresholds have not yet been established so that a quantitative assessment 

of this increase cannot be made in terms of inJury potential. 
- 
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Finally, the results for the Case IV (production vehicle impactinS 

prototype vehicle) are presented m Frgures III- 16 and III- 17. Certainly 

any restraint system which would be acceptable for the prototype vehicle in 

Case II (see Figure III-12) will be acceptable for this situation. 

For example, a 600 lb/in, restraint system yields a peah deceleration 

of 33 g’s in Case II while it is reduced to 30 g’s for this latter cast. 

Significantly, the absolute deceleration of the struck vehicle is increased 

slightly, but the penetration is greatly reduced. 

The maximum values for the decelerations and vehicle penetrations 

for all four cases are summarized in Tdble 111-3. Naturally, before a 

design criterion is finalized, other conditions such as diffcrcnt forcc- 

deflection relationships, vehicle sizes, etc. should be investigated. 

Nevertheless, this example should serve to demonstrate quantltativel) 

the trends that could be expected if structural modifications of this type 

are pursued. 

5. 2 Yielding Restraint System 

It is quite likely that vehicles having a more constant 

deceleration response will require a non-elastic, yielding restraint 

system in order to remain below a prescribed threshold deceleration. 

Thus, a yielding type restraint system was simulated for the colllslon 

configuration identical to Case II, a prototype vehicle impacting a proto- 

type vehicle. For this simulation, restraint systems having an lnitlal 

stiffness of 4800 lb/in. with yield limits of 6000 lbs, 4000 lbs, 3000 lbs 

and 2000 lbs were considered. The occupant deceleration responses for 

each system are shown in Figure III-18 while the corresponding occupant 

displacements are shown in Figure III- 19. 
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Since the occupant 1s treated as a single mass, occupant dlsplace- 

ments are meaningful only m a relative sense, i. e., in a qualitative manner. 

Figure III-19 lndrcates the relative changes in displacements that could be 

expected If the yield force was varied. A more precise slmulatlon would 

require some artlculatron to represent the motion of the occupant’s head 

and upper torso. Nevertheless, this analysis should provide a reasonable 

estrmate of the expected decelerations and also an lndlcatron of the 

probable need for yleldmg type restraint systems. 

- 

- 
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APPENDIX A: FIRST OUTPUT SAMPLE 

- 

- 

- 

- 

VFHICLF CaLLI ‘SI2lN SIrYlllLATi ON 

- 

- 

- 

DATA 1300 4 6 49 

1 I 7 69 
7 R 49 
7 8 69 

17 7 63 
7 8 49 
7 b 69 

16 7 6Y 
16 7 43 

7 d 49 
11 7 69 

7 8 hY 
7 H hY 
7 8 43 

A-l 

set 
set 
set 

de43 
in. 
in. 
in. 
in. 
lbs /in. 
lbs 
lb-sec2-in. 
lbe 
lb-sec2-m. 
lbs 
mph 
mph 
in. 
in. 
in. 
lb/in. - - 
lb 
lb/in. 
lb 
lb /in. 
lb 
lb/deg - 
lb ‘r 
in. . 

in. 
in. . 

E 
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C 
e 
kc 
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1 300 

TINE 
qFC. 

4 M 4Y 

~CCIJPANT 

x PdS Y P3'i SPFFD X ACC 
I N IN F?S G-S 

.ooo l o .O .oo .ou moo 

.OlO . 0 l 0 - moo 042 .42 
0020 l o .l - .Ol 1 .YO 1 .90 
.03d .o 05 - mu5 3.YY 3.YY 
.040 ml 1 .I -.17 S.YH 5.955 
.050 .3 2.0 - .73 7.13 7.14 
.O 60 l ? 3.6 -.74 6.85 6.8Y 
. ‘) 7ll .7 3.6 -1 .I3 4.93 5mil7 
.07H .7 4.0 -I l 5Y 2.35 3.84 
.oeo .3 4.1 -1 .65 .6Y 1 l 7Y 

.OYO 

.1’30 

. 1 10 

. 120 

.I 30 

.I 71 

.I 40 

.150 
0160 
.I 73 

. 1 HO 

.lYO 

.?OU 

.7 
l ? 
.2 
.I 
l 0 

.O 

l o 
- .o 
-ml 
-. 2 

-.3 
-93 
-.7 

3.6 
2.1 

1 
-27 
-4.0 
-4.1 
-4.6 
-3.9 
-2.1 

.3 

-1 .Y5 -Y mot3 
-3.73 -16.70 
-Pm56 -1YmY3 
-2.66 -17.70 
-P. 6’) -10.50 
-2.64, -Y l 57 
-? l 73 - l 33 
-2 l 78 10 l P4 
-P.H3 17mY3 
-9.76 20.55 

Y.%7 -1 .Y7 -2Hmfj5 38.1’2 
16.86 -1 .67 -17.41 11.4Y 
20 .UY -1 .?O -1.76 1 .El 
17.YO -.75 15.66 15.6ti 
lOmH4 -.41 38.7Y YKm7Y 

3 .Y4 -.3h ?Y l 77 3Y.73 JC 
F.73 -.15 3a.17 34.17 

10.61 .I4 30 ml-J2 33 .O% 
lh.15 .5H 17.36 17.J7 

PO.73 1 .Zl - l 71 1 .43 

3.7 -2.4x 17.21 17.38 1 .Yl -18.9U IHmYY 

4.4 -1 l Y2 8.6r 8.YU 2.12 -73 .OY 7% l 1 H 

4.8 -1 .I6 -2 l 71 2.Y4 9.43 -36.38 36.44 

Y 4cc ACC 
G- $ CT- cs 

.UU l uu l fJ IJ 
-.Ol - l ocr *Oh 
- .OK -.Y5 .36 
-.2Y -3.46 3.47 
- .64 -7.Y? 7.Y5 

-1 mot5 -14.00 14.04 
-1.52 -20.72 I?U.-/7 
-1 .Hh -26.6Y 26.76 
-2.01 -2Y l Y7 30 .I) 4 0 
-3.03 -30 .flY 30 l 55 

C 
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13oc.l 4 K hY 

STHIICK VEHiCLE 

Ti i)F 
\FC. 

.ooo 

.OlO 

.oc’o 

.1)70 

. 0 fi 0 

.d5d 

.040 

.o 70 

.07H 

.OHO 

.l)Yf) 

. 1111) 

. 1 1 0 

. 120 

.I 70 
l 131 
. 140 
.150 
l 1 60 

. 1 70 

.I eln 

.1 YO 

. ‘) _) I_) 

x ras 
IN 

.O 
- .(I 
-. 0 
-. 0 
-. 0 
- .i> 

-.l 
-.l 
-. 2 
-. 3 

-.4 
-. 5 
-. 7 
-.Y 

-1 .o 
-1 .o 
-1.3 
-t .4 
-1.5 
-1.7 

-1 .cs 
-3 .I) 
-3.1 

Y PdS 
1N 

.O 
-. 0 
-. 3 
-. 5 

-1.3 
-2.6 
-4.5 
-7.1 
-Y.7 

-10.4 

-13.Y -2.65 
-17.4 -3.27 
-30 .Y -3.HY 
-24.3 -4.5? 
-27.8 -5.15 
-28.2 -5.31 
-71.7 -5.78 
-34.7 -6.41 
-3H.2 -7 .34 
-41 .h -7.hn 

-45.0 
-4d.4 
-51 .H 

Y 4 bi 
DFG 

.oo 
-.OO 
-.04 
- .I% 
- .?H 
- .54 
- .Y7 

-1 .40 
-1.88 
-2 .c) 1 

-8.31 
-H.YS 
-Y.hO 

X VFL f U/FL 
l4Pi-l A? t-i 

. 13 II .oo 
- .oo - .2Y 
- .iJo -1.79 
- .02 -3.26 
- .Oh -5.84 
-.13 -9.00 
- .26 -lc?.bQ 
- .44 -16.5-i 
-.63 -1Y.bO 
- .6b -1Y.Y9 

-.95 -lY.Y? 
-.Y\ -lY .Hh 
-.Y4 -19.bO 
-.Y4 -1Y.74 
- .Y4 -1Y.68 
- .Y3 -1Y.6b 
- . Y 7 -1Y .h3 
- .Y3 -19.5h 
-.Y2 -1Y.51 
-.31 -19.45 

- .YU -19.33 
- .HY -19.33 
- .Hd -13.27 

n A(‘C 
G-5 

. nt, 
- .i)o 
- . 0 3 
-011 
-.25 
-.4h 
- .73 
-.Y6 

- 1 . 1 II 
-1 .>/I 

Y ACC 
G- 5 

.oo 
-7.14 
-4.nl 

- 1 I) .9Ll 
-17.15 
-15.57 
-17.30 
-10.72 
-lti.Sh 

. 31 

.r/ 

. ’ 7 

.?7 

. ‘7 

.-‘7 

.? 7 

.‘I 

.A I 

./7 
-27 

.:’ / 

. ‘7 

. )7 

- 

- 
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1100 4 8 6Y 

‘TTF?iKING VFHICLE 

TIPIF 
?FC. 

x ras Y P3’, 
IN IN 

YAW x VEL Y VEL x ACC 
DFG I1Pl-l MPH 6-S 

l ooo 12.0 119.0 .oo .oo -40 .oo .oo 
.OlO 17.0 112.0 .oo .oo -39.66 .oo 
.020 12.0 105.1 .oo .oo -38.51 003 
.030 12.0 98.5 .oo .02 -36.57 911 
.O40 12.0 Y3.3 -01 .06 -33.Y4 .2.6 
.oso 12.0 86.6 .O? .13 -30.72 .46 
.060 12.1 81.5 .c)5 .26 -27.0a - 70 
.O?O 12.1 77.1 010 .45 -23.05 .Y6 
.07H 12.2 74.0 .17 .63 -19.76 1.15 
.OHO 13.2 73.4 .lH .6E3 -1Y .55 1 025 

.OYO 12.4 69 .Y 030 .Y6 -1Y 056 

.lOO 12.5 66.5 943 .Yh -19.56 

.110 12.7 63 .O -56 .Y6 -19.56 

.lPO 12.Y SY.6 .6Y .Yh -lY.S6 

.I30 17.0 56.1 .63 .Y6 -19.56 

.131 1q.1 55.8 .84 .36 -19.56 

.I 40 13.2 52.7 096 .96 -19.56 

.lSO 13.4 4Y.3 1 .OY .96 -19.56 

.I 60 13.5 45.8 1.22 .Y6 -1Y.56 

.I 70 17.7 42!.4 1.35 .Yh -1Y.56 

. 180 13.3 38.9 1.43 .Y6 -19.56 

.lYO 14.0 35.5 1 .62 .Y6 -lY .56 

.200 14.2 32.0 1.7s .96 -1Y.56 

.oo 

.oo 

.oo 
000 
.OO 
.oo 
900 
.oo 
.oo 
.oo 

.a0 

.oo 

.a 0 
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I ACC 
G-S 

.oo 
3.41 
7.08 

10.47 
13.43 
15.84 
17.SY 
lH.5Y 
18.83 

- .04 

. 00 

.oo 

.oo 

.oo 

.oo 

.OO 

.oo 

.oo 

.oo 

.oo 

.lJo 

.oo 

.oo 

r-‘FN. 
I IN . 

.oo 
3.50 
6.88 
Y .98 

12.67 
Id.85 
16.40 
17.28 
17.46 0 
17.46 

17.46 
17.46 
17.46 
17.46 
17.46 
17.46 dC 
17.46 
17.46 
17.46 
17.46 

17.46 
17.46 
17.46 
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APPENDIX B: SECOND SAMPLE OUTPUT 

‘IFHICLF CdLLI SlON SIIV~‘~LATI JN 

1 NPIlT D4T4 1300 4 8 69 r<FV. 1156 
? 33s4000 

10000000. TO 4000. 
? 0,o 

PtJJf. FtLFi ‘ISFD 

7 
7 

17 
7 
7 

16 

7 43 
6 63 
H 6Y 
7 hY 
8 6Y 
8 69 
7 4Y 
7 63 
o 69 
7 69 
d 43 
4 r, 9 
6 6Y 
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1300 4 8 69 REV. 856 

gCCIJPANT 

.ooo 

.OlO 

.020 

.030 

.040 
0050 
.060 
.070 
.078 
.OHO 

.OYO 

.I00 

.I 10 

. 120 

.I -30 

.l no 
l 1 50 
. 160 
.17O 
.1 ho 

.190 

.900 

.o 

.o 

.o 

.o 

.l 
l 2 
.2 
.3 
. . 3 
.3 

.3 

.3 

.4 
04 
.4 
.s 
.5 
.6 
.7 
.7 

-6 
.Y 

Y PQS X \/EL Y VFL SPFFD X ACC Y ACC ACC 
IN FPS FPS FPS 6-S G-S G-S 

.o 

.o 
l l 
05 

1 .l 
2.0 
2.8 
3.6 
4.1 
4.2 

4.1 
4.0 
?.U 
3.7 
3.5 
-3.3 
3.1 
3.Y 
3.7 
3.5 

9.2 
2.0 

.oo 
- .oo 
-.Ol 
-.os 
-.I7 
-.3Y 
-.74 

-1 .lH 
-1.52 
-1.57 

- 1 .4O 
-1.38 
-1.36 
-1.34 
-1.31 
-1.29 
-1.?7 
-1.34 

-1.21 
-1 .lK 

-1 .lS 

.oo .oo .oo 000 .oo 

.42 .42 -.Ol - .oEc .08 
1.90 1 .YO - .08 -.95 .Y6 
3.YY 3.99 - .29 -3.46 3.47 
5.98 5.98 -.64 -7.92 7.95 
7.13 7.14 -1 008 -14.00 14.04 
6.85 6.89 -1.52 -20.72 20.77 
5.02 5.16 -1.74 -34.Y4 25 .oo 
3.35 3.68 -1 .67 -24.Y4 25.00 II 
2.03 2.57 -1.66 -24.95 25.dO 

1 .69 
-1.79 
-1.8Y 
-1.99 
-2 .OY 
-2.20 
-2.30 
-2.40 
-?. 50 
-2.60 

!?.lY 
2.26 
2.33 
2.40 
3.47 
2.55 
3.62 
2.70 
2.7H 
2.86 

. 00 .oo 

.OO 000 

.oo .oo 

.oo -00 

.oo .oo 

.oo -00 

.oo . 00 

.oo .oo 

.OO .oo 

.I30 . 00 

.uo 

.oo 

.ou 

.oo 

.OO 

.CJO 
l oo 
. 00 
.01) 
. L)o 

-2.70 
-1 .I:, -2.eo 

?.Y4 
3.02 

.OO .oo 

. 0 0 .oo 
.OO 
.c)O 
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1300 4 8 69 REV. 
- 

STRIJCti VFHICLE 

- 

Tli’lF x Pas 
. IN 

.O 
-. 0 
-. 0 
- .I) 
- .L> 
- . 0 
-.I 
-.I 

3 -*_ 
-. 3 

-04 
-.5 
-.7 
- .Y 

-1 .o 
-1.7 

-1.4 
-1.5 
-1.7 
-1 .d 

-r’.CJ 

-2.1 

Y P3S 
IN 

.O 
- .o 
-. 2 
-. 5 

-1.3 
-2.6 
-4.5 
-7.1 
-Y .7 

- 10 .4 

-13.Y 
-17.4 
-310 . Y 
-?A.3 
-27.4 
-31.3 
-34.7 
-30.2 
-Al .h 
-45 -13 

-46.4 
-51 .H 

856 

YAW X VEL YVEL A ACC Y c\cc 
DFG r]PH r4PH G-S G-S 

.oo 
-.oo 
- .Ofi 
-.l> 
- .2t5 
-.b4 
- .Y2 

-1 .43 
-1 .Kd 
-2.31 

.uo .I)0 
-.oo - .29 
- .03 -1.33 
- .‘)% -3.26 
- .06 -5.h4 
-.I3 -Y .dO 
- .36 -18.6% 
-.4L -16.55 
- .fJ? -lY.r5U 
-.hh -1Y.YY 

.OO 
- .‘3U 
-.03 
-.I 1 
- .25 
-.4h 
- .7d 
-.Y,h 

,1.14 
1.24 

. 0 iI 
-3.14 
-6.5 1 

- 1 I) . r’o 
-13.16 
-15.57 
-17.32 
-lY.1> 
-la.l>b 

.?I 

-2.65 -.P+S -19.YL 
-3.27 -.Y5 -14, .??I6 
-3.83 - .YfJ -1Y .KO 
-fi.SQ -.Y4 -19.74 
-5.15 - .Y4 -1Y.68 
-5.7rj - .Y3 -19.5:’ 
- 6 .4 1 - .Y, Q -19.56 
-7.04 - .YQ -111.51 
-7.48 -.Yl -1Y.h5 
-H.?l -.90 -19.19 

. 0 1 

.O? 

. 02 

.I1 2 

.(I, 

. ‘J-3 

.33 

. ‘J 3 

. I) /J 

.i)fJ 

.27 

. ‘7 

. J 7 

. -‘I 

. ‘7 

. ‘7 

.A7 

. ‘7 

. ‘7 

.>7 

-H.Y5 
-Y.40 

- .r,3 
-.8H 

-1Y.33 
-1“ ..?7 

.04 

. 0 4 

- 

- 
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I 300 .4 8 43 iZEV. 

STRIKING VEHICLE 

TIIVIE 
SFC. 

.ooo 
-010 
.030 
.030 
.040 
.050 
.063 
.070 
.07K 
.OHO 

.09O 

.I00 

.llO 

.120 
0130 
. 1 no 
. 150 
. 160 
.170 
. 180 

.lY’) 

.-ZOO 

x P(2I.s 
1 I\1 

12.0 
12.0 
12 .o 
13.0 
12.0 
12.0 
13.1 
12.1 
12.2 
12.2 

13.4 
12.5 
12.7 
12.9 
17.0 
13.2 
13.4 
13.5 
13.7 
13.9 

14.1) 
14.) 

Y P3S YAW X VEL YVEL X ACC Y ACC 1’ F IV . 
IN DE-G PI P H \VIPH G-S c-s IN. 

11Y.O .oo l oo -40.00 000 
112.0 .oo .oo -3Y.66 .oo 
105.1 .oo .oo -38.51 .03 

YES.5 .oo .O? -36.57 011 
92.3 .Ol -06 -33.Y4 .2h 
86.4 .02 .13 -30.72 .46 
81.5 .05 .26 -27.04 .70 
77.1 .10* .45 -23.05 .96 
74.0 .17 943 -19.76 1.15 
73.4 .lH .68 -19.55 1.35 

. 0 0 
3.50 
6.68 
Y.9h 

12.67 
14.1;5 
16..40 
17.28 
17.46 II 
17.~6 

6Y.Y 030 -96 -1Y.56 
66.5 -43 .94 -1Y.S6 
43.0 l 54 .V6 -19.56 
5Y.6 .69 .Yh -13.56 
56.1 .83 094 -19.54 
5?.7 .Yh .Y6 -1Y.56 
4Y.3 1.09 .36 -1Y.56 
45.8 1.22 l Y6 -19.56 
42.4 1.35 .Y6 -19.56 
38.Y 1.4Y .Y6 -19.51; 

17.66 
17.46 
17.46 

17.46 
17.44 
17.46 
17.46 

17.46 

17.46 
17.n6 

35.5 1 .62 .Y6 -1Y.56 
3?.0 1.75 .Y4 -19.56 

.oo 

.oo 

. 0 0 

.oo 

.oo 

.oo 

.OO 

.oo 

.oo 

.oo 

.oo 

.oo 

.OO 
3.41 
7.08 

10.47 
13.43 
15.84 
17.53 
18.5Y 
18.83 

- .04 

l 00 

.Oll 

. 00 

.oo 

.OU 

.oo 

-00 

.oo 

.oo 

.or, 

.ou 

.oo 

17.46 
17.46 

856 

B-4 YB-2684-V-5 

I) 

I 



- 

- 

- 

APPENDIX C PROGRAM LISTS 

CTDVOl 

100 FILE CTDVfl 
110 FILE CTAUXF 
120 REM 
130 XXC 1 )=“CTDVOl ” 
140 YY( l)=“!SlS 17” 
150 zz< l)=“’ 7 69” 
160 CALL CTDVAR 
170 CALL CTDVIR 
180 J=l 
190 WRITE BINARY 2~3 
200 CHAIN CTDVO2 
210 END 

PRINT INPUT AND RUN PRBGRAM 

CTDVOB 

100 FILE CTDVFl 
110 FILE CTAUXF,CTAUXG 
120 FILE CTDATF 
130 DIM SC3,3) 
140 DIM V(3r3) 
150 DIM AC3,3) 
140 DIM MC3r3) 
170 DIM F<3,3) 
180 DIM C(2,2) 
190 PRXNT “CTDV02 “I 
200 PRINT “1430 17-J 
210 PRINT ‘* 7 69” 
220 READ BINARY 2,Ql 
230 CALL CTDVIN 
240 CC=“---” 
250 CALL CTDATS 
260 CHAIN CTDV03 
270 END 

C-l YB-2684-V-5 
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CTDU03 

100 FILE CTDVFl 
110 FILE CTAUXFaCTAUXG 
120 FILE CTDATF 
130 DIM SC3,3) 
140 DIM VC3r3> 
150 DIM AC3031 
160 DIM MC3r3) 
170 DIM FC3a3) 
160 DIM CC2,2> 
190 PRINT "CTDV03 '*t 
200 PRINT "'1230 16"; 
210 PRINT - 7 69" 
220 CALL CTBUF 
230 CALL CTDATB 
240 CALL CTVDYN 
250 CALL CTFQRC 
260 CALL CTBCC 
270 CALL CTDVBU 
280 T=T+T2 
290 IF 02*!55 THEN 320 
300 PRINT 
310 GO T0 490 
320 1F T<=Ti THEN 240 
330 GO TO 380 
340 08=0 
350 PRINT 88<4)~ 
360 INPUT Tl 
370 IF T*=TI THEN 240 
380 02=58-02 
390 F0R J=l TO 02 
400 PRINT 
410 NEXT J 
420 F0R 512 TO 3 
430 WRITE BINARY J,-5802 
440 WRITE BINARY J,-4 
450 RESTBRE FILE J 
440 NEXT J 
470 CALL CTBUF 
480 G0 TO 240 
490 PRINT 
500 00 TQ 380 
510 END 
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CTDVO4 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

100 FILE CTDVFl 
110 FILE CTAUXF 
120 FILE CTAUXG 
130 REM MAKE INPUT CHANGES AND RUN PRQGRAM 
140 XX< 1) =“CTDV04 ” 
150 YYC 1)=“1515 17” 
160 ZZCl)=” 7 69” 
170 CALL CTDVAR 
180 CALL CTDVCH 
190 J=3 
200 WRITE BINARY 2,J 
210 CHAIN CTDV02 
220 END 

CTDVOS 

too FILE CTAUXF 
110 REM 
120 PRINT “CTDVOS “t 
130 PRINT “0930 18-l 
140 PRINT l * 7 69” 
150 WRITE BINARY lrl 
160 CHAIN CTDV02 
170 END 

RUN PRBGRAM ONLY 

- 

- 

- 
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CTDVAR 

100 DIM PC321 
110 DIM AAC32) 
120 DIM BBC321 
130 XXCf?)=“CTDVAR *’ 
140 YYC2)=“1600 7” 
150 ZZ(?)=” 8 69" 
160 F@R J=l Te) 32 
170 BB<J)=” ” 
180 NEXT J 
190 SET P=lO.S,,Z 
200 SET J=3.OaS 
210 AAC 1 )=“ST0P TIPE” 
330 AAC 2) =” CALCULATION PER" 
230 BBC2)="10D'* 
240 AAC3)=“PRINT PEHI4D" 
250 AAC4)=“YAW, STRIKING " 
260 AAC 5)=“STRUCK VEH. CG ” 
270 BBC5)=” TQ FR9NT WHEEL” 
280 AAC6)=AAC5) 
290 BBC6)=" TQ REAR WHEEL” 
300 AAC7)=AAC5) 
310 BBC7)=" TO RIGHT SIDE" 
320 AA(g)=" STRIKING VEH. ” 
3'30 BBCIJ)=" CG TO FRBNT END" 
340 RBC9)=" 4CC. RESTRAINT“ 
350 AACS)="SPRING CBN., " 
360 AAC lO)="WEIGHT, STRUCK ” 
370 BAClO)="VEHICLE" 
380 BBC4>=BBClO> 
390 AACl l)= "M0MEMT QIF INERT" 
400 BBC I1 )=“IP, STHIJCK VEH.” 
410 AAClP)="WEIGHT, STRIKIN" 
420 BBCl2)="G VEHICLE" 
430 PPC13)=AACll> 
440 BBC 13)=“IA, STRIKE VEH.” 
450 AA<1 a)="WEIGHT, 9CC." 
460 AAC 15)=“SPEED, STRUCK V” 
470 BBC15)="EH." 
480 AAC16)="SPEED. STRIKING" 
490 BBCl6)=" VEHICLE" 
500 AAC 17)="INITIAL X PflSIT” 
510 RBC17)="10N OF 0CC." 
530 AAClH)=" Y 11 
531) AAC 19)= "CG T0 STRIKE PT" 
540 BBC 19)=“., STRUCK VEH.” 
550 AAC20)=AAC9) 
560 AAC?l)="MAX. CRUSH, " 
57 0 BBC 2 1 1 =“STRUCK VEH . ” 
580 BBC20)=" STRUCK VEH CK.” 
590 AAC33)=AAC20) 
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- 

CTDVAR CQNTI NUED 

- 

- 

- 

- 

- 

- 

- 

- 

- 

600 BB(2?)="STRIKE VEH. CR.” 
610 AA(23)=AA(21) 
620 RR(27)="STRIKE VEH.” 
630 AA(24)=AA(20) 
640 BB(24)=“TAN. FRICTI9N" 
650 AA(25)=“MAX. FH. F9RCE” 
660 AA(26)=” TIRE SLIP CQEF.” 
670 AA(37)=“MAX. TIRE ” 
680 BB(37)=“SLIP FgRCE” 
690 AA<28)=“RFAR LIMIT, " 
700 BB ( 28 )=“9CC. C’?MP .” 
710 AA(?9>="FWr)." 
720 AA (30)="LEFT" 
730 AA(31 )="RIGHT" 
740 AA(32)=“MAX. @CC. RES. ” 
750 BBC 32) =“F~IICE” 
760 CC="---" 
770 F~F! J=l TO 10 
780 PRINT CC; 
79(3 NEXT J 
SO0 F9H J=l T9 5 
YIO PRINT 
830 NEXT J 
830 PRINT “VEHICLE CgLLI SI9Y SIMULATION" 
840 PRIYT 
850 F9R J=l T0 32 
860 READ FILE Iat-’ 
870 '\IEXT J 
460 HFAD FILE l,B,Cl,C2,C3 
890 SET B=4.0 
900 SET C=?.O 
910 PRINT "INPUT DATA “; 
920 PRINT B;Cl;C2IC3t 
930 RETtlRrV 
940 END 

- 

- 
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CTDVIR 

100 PRINT 
110 PRINT 
120 FOR J=l TQ 32 
130 PRINT JfP(J)3AA(J)rBB(J) 
140 NEXT J 
150 PRINT 
160 PRINT "PRflG. FILES USED" 
170 PRIhJT 
180 PRINT "FILE TIME DY MB YR" 
190 PRINT 
200 F@R K=l Tn 2 
310 PRINT XXCK)IYYCK)3ZZ(K) 
320 NEXT K 
230 PRINT "CTDVIH "3 
240 PRINT "1400 7"3 
F'50 PRINT " 8 69" 
260 RETURN 
270 END 
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CT DVCH 
- 

- 

100 Bl=CLK<l)*lOO 
110 PRINT ” REV. "361 
120 Ll=33 
130 INPIJT J,A 
140 IF J<=O THEN 300 
150 PRIYT P(J);” T8 “1 
160 P(J)=A 
170 PRINT P(J);AA(J)3BB<J> 
180 Ll=Ll-2 
190 GB TQ) 130 
200 FBR J=I T9 33 
210 'rJRITE FILF 3,P(J) 
?PO "JEXT J 
730 WHITE FILE 3,B,Cl,C?,C3rBl 
340 FDH J=l T4 Ll 
350 PRINT 
360 NEXT J 
270 HESTYRE FILE 3 
280 PKIYT 
290 PRINT "PH'?I;. FILES USED” 
300 t=~1 NT 
310 PRINT "FILF TIME DY MB YH” 
320 PKIYT 
330 F@R K=l To) 2 
340 PRINT XX<K);YY(K);ZZ(K) 
350 NFXT K 
360 PRINT "CTDVCH "; 
370 P)HI~lT "1400 7"3 
380 PRINT " 8 69” 
390 RETlJHlV 
400 END 

- 

- 

- 
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CTDVIN 

100 PRINT “CTDVIN “3 
110 PRINT “1330 7”f 
120 PRINT ” 8 69” 
130 AA=“---*’ 

140 READ FILE Ql,: 
150 Tl,T3,T3rT4 
160 S(3,2)=T4/57.3 
170 READ FILE 81 .: 
180 B(l),B<?>,C,E,KS 
190 8(2)=-B(2) 
200 F0R J=l T0 2 
210 READ FILE Qlt: 
220 M(lrJ),M<3,J) 
230 NEXT J 
240 READ FILE Ql,: 
250 M<l,3) 
260 F9R J=l TO 3 
270 M<ltJ)=M(lrJ)/386.4 
280 M(2,J)=M(l,J) 
290 NEXT J 
300 READ FILE Ql,: 
310 V<l,l),V(2r2),S(l,3)1SoJP 
320 X3=5( 1 r3) 
330 ‘f3=S(2,3) 
340 C(l,l)=l 
350 C<l,2)=C0S(S<3,2)) 
360 C(3,2)=SIN<S<3,2)) 
370 SC l,?)=P-E*C(3,2) 
380 S(2,2)=C+E*C( 1,2) 
390 V<l,1)=17.6*V(l,l) 
400 V(2,?)=-17.6*V(2,2> 
410 V(l,?)=- Vc2,2)*Cc2,3) 
430 V(2,2)=V(2,2)*C(l,2~ 
430 V(1,3)=V(l,l) 
440 FqR ,J=l Tr-l 4 
450 READ FILE Qlr: 
460 K(J),G(J> 
470 NEXT J 
480 K<4)=K(4)*57.3 
490 K~=K<2)/CK(l)+K(2)) 
500 K<5)=K8*K(l) 
510 IF G(2)=0 THEN 540 
520 IF G(l)<G(2) THEN 600 
530 G(5)=G<2> 
540 IF c,( l)=G(2) THEN 580 
550 G( 1 )=G(?) 
560 Kl=I 
570 G0 T0 630 
580 K1=3 
590 G9 T9 620 
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CTDVIN CaNTINUED 

- 

- 

- 

- 

- 

600 GCS)=GC2)=GCl) 
610 K1=2 
620 FOR J=1 T8 5 
630 IF K(J)<=0 THEN 650 
640 DCJ)=GCJ)/KCJ) 
650 NEXT J 
660 FnR J=l Ta 4 
670 READ FILE Ql,: 
680 P(J) 
690 NEXT J 
700 P(I)=-P(l) 
710 P(3)=-P(3) 
720 READ FILE QlaG9 
'730 F9R J=l TO 4 
740 READ FILE Ql,: 
750 HCJ) 
760 NEXT J 
770 IF Ql=I THEN 790 
780 READ FILE (31rHC5) 
790 BBC I)=" QC" 
800 RB(?)=" D" 
810 RRC3)=" S" 
830 BBC4)=" " 
830 PB< 5)=" R" 
840 94=@5=1 
850 RETIJRN 
860 END 
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CTF@RC 

100 IF 29~~0 THEN 140 
110 PRINT “CTF @RC “f 
120 PRINT “‘0950 7”; 
130 PRINT *' 8 69" 
140 XI=S<lr2>-S< lrl) 
150 Yl=S(2,2)-S(2,l) 
160 V2=C(2,2)*C(2,1)+C(lr I)*CC 1,2) 
170 V3=C-Yl*C(l,l)+XlW(2,1~ 
180 Vl=V3/V2 
190 D=E+VI 
300 D3=D 
210 IF D,O THEM 280 
220 F?=O 
230 IF @5,3 THEN 690 
240 IF Tq0.05 THEN 690 
250 c15=4 
260 I;0 T@ 690 
270 REM F@RCES BETWEEN VEHICLES 
280 IF D>D5 THEN 340 
290 F?=O 
300 IF D=D5 THEN 490 
310 IF @5<>1 THEN 490 
320 as=3 
330 G0 TQ 490 
340 DS=D 
350 IF 95=1 THEN 370 
360 45=6 
370 IF D<D(5) THEN 460 
380 IF D(5)=0 THEN 460 
390 F2=G<5> 
400 G@ T@ (410,430,470>,K1 
410 Dl=D(l) 
420 G@ T@ 480 
430 D2=D(2) 
440 Dl=D-DP 
450 G@ T@ 490 
460 FP=K(S)*D 
470 Dl=KR*D 
480 D2=D-Dl 
490 X3=XI*C~l,l~+Yl*C~2,~~-vl*~c~2,?~*c~l,l~-c~l,2~*c~2,l~~ 
500 D=X2-P 
510 IF D>=D6 THEN 550 
520 IF D< =D7 THEN 570 
530 Fl=O 
540 GO TQ 620 
550 Dh=D 
560 G4 l-Q 580 
570 D7 = D 
580 IF ABS(D)<D(3> THEN 610 
590 Fl= -SGN(D)*G<3) 
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CTF9RC CBNTINUED 

- 

- 

- 

- 

- 

- 

- 

600 Go) T0 620 
610 Fl=-K<3)*D 
630 FC1,2)=Fl*C(l,l)-F2*C(2,2) 
630 F<2,2)=Fl*C(2, l)+F2*C( 1,2) 
640 F(lrl)=-F(1,2) 
650 FC2,1)=-F(2,2) 
660 F<3,l)=Fl*C-F2*(Xl*C(l,2>+Yl*C~2,3>) 
670 FC3,2)=-Fl*V3 
680 REM TIRE FBRCES 
690 IF KC4)=0 TYEh3 870 
700 Xl=ABS(V(l,l>*C(l,l)+V<2,1)*C<2rl)) 
710 Yl=V(2,1)*C(lrl)-V(l,l~*c~2*i) 
720 F3=0 
730 FBR J=l T0 3 
740 B=Yl+BCJ)*V(3,1> 
750 IF R=O THEN 840 
760 IF Xl<>n THEN 790 
770 R=G(4)*5GN(B) 
780 GGI TG3 820 
790 R=B/X 1 
800 IF ABS<B)>=D(4) THEN 770 
810 B=K<4)*B 
820 F3=F3-B 
830 F(3,1)=F<3,1)-B*B(J) 
840 YEXT J 
850 F(l,l)=FCl,l)-F3*CC2.1) 
860 F(2,1)=F(2,1)+F3*C(l,l) 
870 RETURN 
880 EhJD 

- 

- 
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CTRCC 

100 IF 29~~0 THEN 160 
110 PRINT “CTBCC “3 
120 PRIFJT “1 330 7”; 
130 PRINT " 8 69" 
140 D9=(G9/K9)~2 
150 RETURN 
160 X1=S~1,3)-S<1,1) 
170 Yl=S<Zr3)-SC2,l) 
180 X2=Xl*C(lrl)+Yl*C~2,l) 
190 Y2=Yl*c~l,l)-xl*c<2,l) 
700 Sl=X?-x3 
210 S2=Y2-Y3 
220 Xl=Slt2+S2t2 
230 IF Xl<= 09 THEN 270 
240 IF Xl c-D9 THEN 310 
350 D9=-X1 
260 KS=GSfSQR(XI) 
270 Fl =-K9*Sl 
380 F2= -K9*S2 
290 F(l,3)=Fl*C<l,l)-F2*C(2,1) 
300 F(P,3)=FZ*C( l,l)+Fl*C<?,~) 
310 IF cI4>1 THEN 370 
320 IF Sl<P( 1) THEN 360 
330 IF Sl>P(Z) THEN 360 
340 IF SZcP(3) THEN 360 
350 IF S2< =P(4) THEN 370 
360 9)4=2 
370 RETURN 
380 END 
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CTDV4f.l 
- 

- 

- 

- 

- 

- 

- 

100 IF 29<>0 THEN 230 
110 PRINT “CTDVBU “; 
120 PHI WT ” 1330 7”; 
130 PRINT ” 8 69” 
140 SET W=5.1 
150 SET T=1.3.S 
160 SET S=3.1 
170 SFT H=4.O,S 
180 SET V=3.2 
190 F’?R J=l TO 7 
200 PRINT 
310 NEXT J 
330 %9=1 
330 IF @4<>2 THEN 280 
340 06= 1 
250 04= 3 
260 07= 1 
370 G0 TQ 430 
280 Gnl T0 (390,320,390,3501390,290~, 05 
290 06=5 
300 05= 1 
710 G[;1 TOI 370 
330 C?h=2 
330 c?5=3 
340 Ga) Ta, 370 
35O Ql6=3 
360 @5=5 
370 q7=2 
380 GO Tfl 430 
390 IF 01~0 THEN 970 
400 ?l=T3 
410 g7=3 
420 116=4 
430 IF 08=0 THEN 450 
440 PRIWT 
450 08=1 
460 IF 02>0 THEN 670 
470 IF @2-O THEN 500 
480 02=0 
490 GO Tg 540 
500 FqR J=l T9 10 
510 PRINT AA; 
520 NFXT J 
530 PRIrVT 
540 PRINT 
550 PRINT H( l)iH<C-?>;H(3)iH(4); 
560 IF Y(5)=O THEN 580 
570 PRINT ” REV. “tH<S); 
5SO PRIN7 
590 PRIYT 
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CTDVQU CQNTINUED 

600 PRINT ** OCCUPANT" 
610 PRINT 
620 PRINT " TIME X PBS Y P0S X VEL Y VEL SPEED X ACC"; 
630 PRINT *' Y ACC ACC" 
640 PRINT " SEC. IN IN FPS FPS FPS G-S"; 
650 PRINT " G-S G- S" 
660 03=0 
670 IF 03>0 THEN 730 
680 03=10 
690 02=02+ 1 
700 PRINT 
710 WRITE BINARY2r-Sal 
720 WRITE BINARY3,-SD 1 
730 PRINT TJ 
740 xl=vcl,3)-v<l~l) 
750 X?=V<2,3)-V<2r 1) 
760 Vl=(Xl*C(l,l)+X2*C(2J1))/12 
770 V2=(x2*Cclrl)-Xl*C(2,l~~/l2 
780 V3 =SQR(Vl t2+V2t2) 
790 V4=~AClr3)*C(lrl)+A~2,3)~C~2,1>~/386.4 
800 V5=(A<2,3)*C(l,l)-AC1,3)*Co)/386.4 
810 V6=SQR<V4t2+VSt2) 
820 PRINT Sl3S2;Vl:V2;V33V43V53V63 
830 FOR J=l T0 2 
840 WRITE BINARY J+lrT 
850 F0R K=l T0 2 
860 WRITE BINARY J+l,S(K,J)rV(K,J)/l7.6,A(K+J)/386.4 
570 NEXT K 
880 WRITE BINARY J+l,S<3,5)*57.3 
890 NEXT J 
900 WRITE BINARY 2rDl,06 
910 WRITE BINARY 3902,616 
920 02=02+ 1 
930 03-03-l 
940 IF 06=4 THEN 960 
950 PRINT BBC0613 
960 GO l-0 (280,390,970),07 
970 01=01 -T2 
980 RETURN 
990 END 
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CTBUF 
- 

- 

- 

- 

- 

- 

- 

- 

- 

100 IF 29*>0 THEN 150 
110 PRINT "CTBUF "3 
120 PRINT "0830 18"1 
130 PRINT w 7 69" 
140 RETURN 
150 J=2 
160 F0R K=l TO 10 
170 PRINT AA1 
180 NEXT K 
190 IF J=4 THEN 580 
2OO PRINT 
210 PRINT 
220 PRINT H<l)fH<2)$H<3)1H<4)# 
230 IF H(S)=0 THEN 250 
240 PRINT w REV. "rHCS)# 
250 PRINT 
260 PRINT 
270 IF J=2 THEN 300 
280 PRINT w STRIKING"J 
290 GQ TO 310 
300 PRINT w STRUCK", 
310 PRINT w VEHICLE" 
320 PRINT 
330 PRINT m TIME x PBS Y P0S YAW X VEL YVEL X ACC”t 
340 PRINT ” Y ACC”# 
350 PRINT w PEN.“’ 
360 PRINT w SEC. IN IN DEG MPH MPH G-S G- S" s 
370 PRINT " IN." 
380 READ BINARY JaT9 
390 IF T9<0 THEN 490 
4OO READ BINARY J~WlrVlrV3rW2rV2,V4,v~ 

410 READ BINARY JaV6rV7 
420 PRINT 793Wl~W2tV5tVlJV2tV3sV4~ 
430 PRINT V63 
440 IF V7-4 THEN 470 
450 PRINT BBCV7) 
460 G0 TQ 380 
470 PRINT 
480 GO TQ 380 
490 IF T9=-4 THEN 550 
500 READ BINARY J,02 
510 F0R K=l TO 02 
520 PRINT 
530 NEXT K 
540 60 TO 380 
550 RESTBRE FILE 3 
560 J=J+l 
570 G0 TO 160 
580 IF T>Tl THEN 610 
590 02=-l 
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CTBUF CBNTINUED 

600 RETURN 
610 INPUT T1 
620 0810 
630 IF T<=Tl THEN 590 
640 ST0P 
650 END 
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- 

GTDATS 

100 IF Z9<>0 THEN 140 
110 PRINT "CTDATS "J 
120 PRINT "1345 7"; 
130 PRINT " 8 69" 
140 WRITE BINARY 4,: 
150 TDT~~T?~C,E,K~,P,X~,Y~,B(~),B(~),: 
160 T3aG9,: 
170 K~,KB,QI,~~,~~,CCID~.D~,Z~ 
180 FnR K=l Ta! 3 
190 FflR J=l Tfl 3 
200 WRITE BINARY 4,: 
210 S(J,K),V<J,K),A(J,K).M<JIK)rF(J,K),F(J,K) 
220 hJEXT J 
230 NEXT K 
240 F@R J=l TQ 5 
350 WRITE BINARY 4,: 
260 H(J),: 
2'70 K<J),G<J),D<J),P(J),BB<J) 
280 NEXT J 
390 RETURN 
300 END 

- 

- 

- 
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CTDATB 

100 READ BINARY 4,: 
110 T,TI,T~,C,E,K~,P~X~,Y~,B<~),B(~),B(~~,: 
120 T3rG9,: 
130 Kl,K8,01,04,~5rAA,D3,D5,29 
140 CC=AA 
150 FQR K=l T0 3 
160 F0R J=l TO 3 
170 READ BINARY 4,: 
180 3CJ,K),V(J,K),A(J,K).M<J,K),F<J,K),F(J,K) 
190 NEXT J 
200 NEXT K 
210 FQR J=l TQ 5 
220 READ BINARY 4,: 
230 H(J),: 
240 KCJ),G(J),D(J),PCJ>,BB(J) 
250 NEXT J 
260 RESTBRE FILE 4 
270 IF 29~~0 THEN 310 
280 PRINT "CTDATB "; 
290 PRINT "1345 7"; 
300 PRINT " 8 69" 
310 KETURY 
320 END 
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